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ABSTRACT 
A study has been made of the corrosion and corrosion fatigue 
behavior of the surgical implant materials 316L stainless 
steel and the cobalt alloy, Vitallium, in simulated 
physiological solutions, both with and without organics. 

In solutions containing no organics 316L stainless 
steel was found to be highly susceptible to crevice and 
pitting corrosion. Under these same conditions, however, 
Vitallium remained completely passive. 

In tests on Vitallium in solutions containing organics 
it was found that, while glucose had minimal effects on the 
polarization behavior, serum shifted the corrosion potential 
in the negative direction. Fortunately, the potential shift 
occurred wholly within the passive range, so that no 
increase in the corrosion rate resulted. These tests have 
also indicated that where Vitallium is involved a saline 
solution containing serum more closely approximates in vivo 
conditions, at least in the short term, than does an 
inorganic saline solution. 

In the corrosion fatigue experiments it was determined, 
with a high degree of probability, that serum reduces the 
corrosion fatigue life of Vitallium. However, the means by 
which this reduction occurs, without changing the basic 


fracture mechanism, was not determined. 
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1. INTRODUCTION 
Implants, or prostheses, are devices surgically placed in 
the body to carry out either an active or a passive function 
which the body cannot naturally perform. It may be to 
replace a damaged or worn part as is the case for joint or 
heart valve replacements; to rectify the mode of operation 
of an organ, for instance a pacemaker; to correct a 
structural deformity, for instance, a spinal brace; or to 
Simulate an absent or disfigured part of the anatomy, as are 
the cases in breast and facial reconstructions. Materials 
for these roles include metals, polymers, and recently, 
ceramics and modified transplanted materials, such as 
collagen and bone. Figure 1.1 shows several types of 
metallic orthopaedic implants, including total hip and knee 
replacements, a shoulder prosthesis and various bone nails 
and pins. 

Regarding metallic surgical materials, Venable and 
Stuck wrote the following in 1947: 

The effort to find strong materials 
attracted the interest of many different 
Surgeons in the past and then, as now, they 
adopted the most immediately available 
metallic materials and modified them to 
their use.' 

Before the electrochemical aspects of implant 
degradation were fully appreciated the above philosophy was 
responsible for the use of such materials as bronze and iron 
for external suture, lead shot to hold internal silver 


Sutures, and magnesium as resorbable suture and bone plates. 
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According to Williams. and Roaf?, in 1906 John B. Murphy 
recommended the use of stove pipe wire and carpenter nails 
and screws for bone fixation. 

In response to a flood of new alloys in the early years 
of this century, tests were conducted to determine their 
biocompatibilities. In 1926, Austenal Laboratories patented 
a CoCrMo alloy to be used for dental purposes; they named it 
'Vitallium'. Seven years later, after conducting in vivo and 
clinical tests, Venable and Stuck reported that this 
material was "completely inert in body fluids". It appears 
that it was their recommendations based on these findings 
that initiated the long and extensive use of this alloy 
group in orthopaedic and other surgical applications. 

Some time after 1926 Krupp "18-8 stainless steel" 
(roughly equivalent to AISI 302) was found to exhibit 
greater resistance to the body than the widely used vanadium 
Steel, even though it was known to experience pitting 
corrosion. Later, molybdenum-modified "18-8 SMo" (an early 
version of AISI 316) with greater resistance to pitting 
displaced the earlier version. 

Such an improvement were these new implant materials 
over their predecessors that, over forty years later, they 
continue to be the two most widely used. However, they have 
notabeen stotally without failure for, in-addition to 
infection and loosening of devices, excesSive wear and 
fracture still claim a number of implants each year. For 


this reason, research and development into new materials is 
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1.1 Problem Statement 

One of the major criteria for the acceptance of a 
prospective material is its resistance to corrosion in the 
human body. Since it is impractical or dangerous to make all 
the necessary tests in vivo (animal or human), simulated, in 
vitro, conditions are substituted. In the past, most 
researchers used solutions similar in content to the 
inorganic fraction of body fluids, based on the conventional 
wisdom that the extent of damage increases with the chloride 
lon concentration. 

Recent findings, however, indicate that physiological 
Organics can significantly affect the corrosion behavior of 
some materials. It is, therefore, the aim of this research 
to investigate the effects of organics on the corrosion and 
corrosion fatigue of one of the most often used implant 
materials, the cast cobalt alloy, Vitallium. Preliminary 


work will also involve the use of AISI 316L stainless steel. 
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2. SERVICE CONDITIONS 
Surrounding a prosthesis is a dynamic system of flowing 
electrolytes, together with living and moving muscle and 
bone. The following is a brief description of the in vivo 


conditions in which orthopaedic implants must perform®, 


25.1 eLuids 

About 56% of the body weight 1S made up of fluids. Of 
this, 38% exists outside the cells as extracellular fluids 
which include plasma, cerebrospinal, gastrointestinal, 
Synovial, and interstitial fluids. It 1S primarily with the 
latter two of these that prostheses interact. 

Synovial fluid, contained within the joints, is 
basically a dialysate of blood plasma. With the addition of 
hyaluronic acid, the fluid is responsible for the 
lubrication and nutrition of the adjacent articular 
cartilage joint surfaces. When hips, elbows, or knee joints 
are involved this fluid is in contact with the prosthesis, 
Pigure 2" 

Interstitial fluid, or physiological saline solution, 
lies in the spaces between the cells of both soft tissue and 
bone. Its major physiological roles are in the maintenance 
of constant conditions in the internal environment, and as a 
medium for the transport of nutrients, oxygen, and carbon 
dioxide between the cells and the capillaries. As with all 
extracellular fiuids, the ionic and nonionic components are 


constantly being mixed throughout the body by various 
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transport mechanisms. The normal static concentrations of 


the fluid components? are given in Table 2.1. 


Table 2.1 
Static Composition of Interstitial Fluid 


Interst eral 


Component (mg/L of water) 
Na* 81150 
Kn 184 
Ca“s 96 
Mg** 34 
Cie 4000 
HCO3 L726 
HPO; ,H2PO; 194 
SO,” 48 
Amino Acids Ose 
Creatine 26 
Lactate 108 
Glucose 1000 
Protein 20 
Urea 240 


Arterial blood is regulated by several buffer and 
transport systems to within a few percentiles of pH 7.4. Due 
to a higher carbon dioxide concentration gradient 
intécsStittaltfluididsamaintainedecdosSer tompHh7?s35. 

The temperature of the body is rigorously maintained at 
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2.2 Structural Members 

The structural members of the body consist mainly of 
muscle and bone; muscle developing and supporting the 
tensile loads, and bones supporting the tensile and 
compressive loads. 

Bone can be described as a biological tissue consisting 
of long and highly oriented fibres of collagen, densely 
packed with small crystallites of hydroxyapatite. When 
reacting to short term loads, bone behaves in a viscoelastic 
manner, and in response to long term static and dynamic 
stresses the bone fibres become reoriented to facilitate 


Support of the load. 


Z.2.dm LOAGIng 

Loading on the bones and joints varies between that 
produced by the minor postural changes during sleep, to that 
developed during the more strenuous activities of walking, 
running, and jumping. Rydell* showed that loads on the hip 
can be as high as two to three times the body weight while 
walking, and, according to Paul®, can reach seven times body 
weight for young people. Figure 2.2 shows a typical load 
profile developed on the hip during one walking cycle. 

As walking produces between 1 and 2.5 million cycles 
per year, and because the average age of implant recipients 
is falling, there is a growing need for prosthesis materials 


with longer fatigue lives. 
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Figure 2.2 Hip Joint Load Profile During Walking 
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3. THEORY 
This section will deal with the theory of corrosion 
commencing with the thermodynamics and kinetics. With the 
aid of the general rate equation, potential-current plots, 
or Evans' Diagrams, will be presented and used to discuss 


mixed potential theory. 


3.1 Thermodynamics - The Driving Force 
In electrochemistry, the free energy of a reactant or 
product is given by the addition of its chemical free energy 


and an electrical energy term, as follows: 


Gike=¢Gantcat Soave (el) 
where 
Gas, ae ene electrochemical free energy, 
Gere the chemical free energy, 


q® = the electrical energy given by the product 
of the charge and the electric potential 
at that point. 
When molar quantities are in use, the electrochemical free 
energy of a substance is given by: 
G.tae/Ce) tire peeenee a) 
where 
zF = the charge transferred in the reaction. 
According to the second law of thermodynamics, a 
reaction will be spontaneous if there is a net loss of free 


energy as the reactants form products. Thus, in terms of the 


above expressions, the condition for spontaneity is given 
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where 
E = the potential difference, or voltage. 
From this last expression it is evident that a 
corollary to the second law is that at electrochemical 
equilibrium, the magnitudes of the chemical free energy and 
the electrical energy are equal: 
AGac = ~ZFE 
When conditions are other than standard, and when the 
reaction is written in the reduction form, the change in 
free energy varies with the chemical activities or 
concentrations according to the van't Hoff isotherm: 
AG = AG® + RT In ([REDUCED]/[OXIDI ZED] ) es Hees oy) 
where 
AG° = the chemical free energy at standard 
conditions. 
By inserting equation (4) into (5) the equilibrium 
conditions can be expressed in terms of the readily 


measurable electric potential difference. Thus: 


td 
i) 


BRS CRO/SE)) PME RetPAPOx'] ae SA V8 SPS, (6) 


E° - (0.0591/z)log ([Re]/[Ox]) at 25°C 


E° = the equilibrium redox potential at standard 
conditions. 
This relationship, known as the Nernst Equation, 


defines the equilibrium redox potential at a given 
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temperature and concentrations of reactants and products. 
Consider, for example, the following cathodic reaction: 
O2 + 2H20 + 4e° ~ 40H™ 
According to equation (6) the equilibrium potential at 25°C 


is: 


63) 
iH 


s 0740 5+ 9002059144) siog(pO,) = 0.0591 log[OH=] 


1.227. 4.0.0148 Jog(po,) - 0.0591pH 

If potential, E, is plotted against pH, this equation would 
describe a series of parallel lines of slope -0.0591, and 
position depending on the oxygen partial pressure. 

More generally, if the reactions involving a metal and 
an aqueous solution are plotted, a potential-pH, or 
Pourbaix, diagram could be constructed showing the domains 
of stability of all reactants and products, and would, 
therefore, define the conditions under which the metal 
should thermodynamically be either free from corrosion, or 


should corrode. 


3.2 Corrosion Kinetics 

Although a spontaneous reaction will, by definition, 
reduce the energy of the system, some minimum activation 
energy is required before the reaction can proceed. This 
notion of activation energy is illustrated in Figure 3.1 for 
the following hypothetical reaction: 

Atos AL Se Zen 
Although the reaction involves a reduction in energy, a 


quantity of energy at least equal to AG* must be supplied to 
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Figure 3.1 Energies Associated with a Spontaneous Reaction 
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overcome the energy barrier. Where corrosion reactions are 
involved this ‘activation energy' results from the inherent, 


random, thermal vibration among the atoms. 


3.2.1 The General Rate Equation 
According to Maxwell's Distribution Law the number of 
particles, N, in a total population, M, having an energy at 
least equal to a value, E, 1S given by: 
N= M exp(-E/KT) Sere) 


where 


— 
ul 


Boltzmann's constant, 
T = absolute temperature. 

In corrosion, N iS proportional to the rate of the 
reaction, and the equation, on a molar basis, takes on the 
PoLrlowing form: 

Rate = Ky lA) fexo(-AG* /RT) lite) 


where 


> 
iH) 


the concentration of reactant A, 


po) 
I 


the universal gas constant, 


ox 
TT 


a constant Of proportionality which 
includes the rate of thermal vibration, 
a measure of the reversibility of 
the reaction, etc. 

If the rate of the reaction is expressed in 
moles/second, the rate of the corrosion process can be 
expressed in terms of electrical current using Faraday's 


Law: 
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rate = i/(2F) elles GS) 
where 
1 is the current density, or the electrical 


Current involved per unit area. 


3.2.2 Redox Reactions at Equilibrium Conditions 

When a metal is placed in a solution of its ions the 
activation energy changes as a charge separation occurs 
across the interface. Because this electrified interface has 
an associated electric field any particle crossing the 
region will be acted upon by the field, and the height of 
the activation energy barrier will be altered. Substituting 
the new activation energy term into the basic anodic rate 
equation gives the following expression for the equilibrium 


corrosion rate: 


> 
" 


KZF exp[=(AG*.= azFE,)/RT] 


K' zF exp[azFE,/RT] eats LO 
The cathodic reaction has a Similar form: 
bog = Koi ZF exp[-(1-a)zFE_/RT] prey noaean lt Tal) 
where 
a is a measure of the symmetry of the 
energy barrier with respect to the peak. 


i 


Sr 1. are the anodic and cathodic 


Current densities, respectively. 
As the magnitudes of the anodic and the cathodic 


reactions are equal at equilibrium the net current flow is 
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zero. The magnitude of the current flowing in either 
direction is referred to as the exchange current density, 


lane 


3.2.3 Non-Equilibrium Conditions 

If a potential is supplied from an external power 
source the electrode reactions will deviate from the 
equilibrium state. If, for example, the metal is made more 
positive (noble), the activation energy for dissolution will 
be reduced while that for oxidation will be increased. 

Substituting the new value of the activation energy 
gives the following equations: 

Anodic i.e] 19°é6xplazFn/RT] Suara te on 


a 


Cathodic i-@="io expl-(i-a)zPy/RT]  .....(13) 


ana’ a netirate (Cin thas case anodic) of: 


i = 1 wen 
net a c 


io lexplazen/RT) Bexp (si 1-a)zFn/RT))] ....2(14) 


where 
n is the overpotential, or difference 
between the electrode potential and 
the corrosion potential, thus E- E,. 

A visual summary of the corrosion kinetics can be 
obtained by plotting this latter equation, in terms of 
potential, E, versus the logarithm of the reaction current 
density, i, as shown in Figure 3.2 for two redox reactions 
involvanaq species ~A. tand 'B° 2 This is sometimes referred to 


as an ‘Evans Diagram'. 
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Figure 3.2 Evans Diagram for Two Simultaneous Redox 


Reactions 
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Considering the reactions involving 'A' and 'B', it is 
noted that as the electrodes are polarized in the positive 
(noble) direction the cathodic currents become zero, and the 
net currents (equation (14)) are equal to the anodic 
currents as given by equation (12). However, in terms of the 
semi-log plot, the relationship is expressed in the 
so-called Tafel Equation form: 

awaes- 302 BI GaF \eloGul sen 24303(RT/a2F helnaio nana (15) 

As the figure implies, and as this equation states the 
overpotential has a linear relationship with the logarithm 
of the current density; this slope is referred to as the 
anodic Tafel slope and is written: 

Bais 2.303),RT/(azF) Seu LO) 

A similar argument applies when the electrodes are 
polarized in the negative (active) direction, which results 
in a cathodic Tafel Equation and slope, as follows: 

Wacr aa SMR hal ao Nar ee KOS i sao OSURT/ @l=a).zk), log io 
BY Sunes 0 seh A leah) phe wat iads (18) 
As would be expected, the intersection of the 
extensions of the linear anodic and cathodic Tafel regions 
occurs at the point given by (EL, log io) for each reaction. 
3.2.4 Concentration Polarization 

As the cathodic overpotential is increased the rate of 

the reduction reaction approaches the diffusion rate of 


reducible species to the electrode, and the cathodic current 
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line deviates from the linear Tafel slope. When the 
diffusion rate becomes the rate determining step, that is 
when the reduction reaction consumes the reducible species 
as fast as it can arrive, the current reaches a limiting 


value, i;. 


3.3 Mixed Potential Theory 

When the sites of the two redox reactions are connected 
through electric and ionic conductors, the redox reactions 
may proceed concurrently and the total current at any given 
potential will be the algebraic sum of the currents for the 
individual reactions. Thus at very negative potentials, in 
Figure 3.2, the cathodic current will be primarily the 
cathodic current resulting from the reduction reaction 
involving 'B'. However, aS the intersection of the cathodic 
curves iS approached the contribution from the other 
reduction reaction will become significant, shown by the 
dashed line, and finally dominant. A Similar situation 
exists where the total anodic curve crosses the cathodic 
curve; the total currents become equal at the equilibrium 
corrosion potential, 
Ena ees The intersection of the two partial curves defines 
the corrosion current density, 
loorr 

Typical cathodic reactions that interact with anodic 


processes in neutral aerated solutions are as follows: 


Os: + 2H20 + 4e”° »~ 40H™ 
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3.3.1 Passivity 

In terms of oxidation behavior beyond the linear Tafel 
region, metals are divided into two groups: those abnormal 
metals, such as chromium, nickel, iron, aluminum, and 
titanium, whose corrosion rates fall significantly with 
further increase in anodic overpotential, and those normal 
metals whose corrosion rates continue to increase with 
overpotential. The idealized form of the Evans Diagram for 
the former of these is shown in Figure 3.2 for material 'B'. 

While it 1S appreciated that the passive metal owes its 
low corrosion rates to a protective film on the surface, the 
exact Nature of the faim is still a subject of controversy. 
Two theories, however, have wide acceptance today: the 
adsorption theory and the oxide film theory. 

The adsorption theory credits the low corrosion rates 
with the presence of an array of an adsorbed species, in 
some cases less than a monolayer thick, on the surface. The 
presence of such a layer has been demonstrated by Langmuir‘ 
and Frankenthal’, among others, and its passivating effect 
has been reported by Agius and Siejka*. 

The oxide film theory credits a three dimensional metal 
oxide layer with reducing the further dissolution of the 
metal. DeGromoboy and Shreir’, in anodic polarization 


Studies On Mickel in Sulphuric acid, found current arrests 
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at potentials which corresponded with several metal 
oxide/metal reversible potentials. Verink'® has also 
demonstrated agreement of polarization data, at several pH 


values, with the respective thermodynamic E-pH diagrams. 


3.3.2 Breakdown of Passivity 

At the noble end of the passive range a sharp increase 
in current is usually observed. This current rise is 
associated with a disruption or breakdown of the passive 
film. Although several mechanisms have been proposed and 
controversy continues, all the theories involve some 
damaging species, such as the chloride ion. Whatever the 
mechanism, it is agreed that surface imperfections, such as 
inclusions, lattice defects, and micro-pores in the film 
become initial sites for breakdown and localized attack in 
the COremect pitting -corrosionvorm drain, bovundary attack. 

Polarization studies also reveal a phenomenon which 
mimics breakdown, however, at potentials below the breakdown 
potential. Crevice corrosion is a form of localized attack 
which is limited to regions which have become depleted of 
the primary oxidizing agent, such as oxygen, and continue to 
corrode by means of another cathodic reaction, such as 
hydrogen ion reduction, which depolarizes the anode to a 
high anodic current regime. The new potential difference, or 
driving force, can be determined by applying the Nernst 
Equation to the conditions of the anodic and cathodic half 


cells. Hydrolysis within the crevice causes the pH to fall 
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and the reaction to become self propagating, with severe 
localized attack. 

The sensitivity of a material to suffer localized 
attack can be determined qualitatively by reversing the 
potential scan after film breakdown has occurred. The form 
of the polarization curve thus produced can have one of the 
two forms shown in Figure 3.3. In Figure 3.3(A) the current 
is seen to fall to values lower than those reached on the 
forward scan. This indicates that the surface film has 
become even more protective, a very desirable situation. On 
the other hand, the current may remain high and exhibit a 
hysteresis effect. According to Wilde'' the size of the 
hysteresis is a qualitative measure of the susceptibility of 
the material to locally corrode. It has been demonstrated'’ 
that when potentials are held above the crossover, or 
repasSivation potential, Ep! localized attack will continue 
at any pre-existing pits or crevices. Below the 
repasSivation potential all pitting and crevice attack 
should cease. A more quantitative assessment of the 
susceptibility to localized attack can, therefore, be made 
by comparing the corrosion, breakdown, and repassivation 


potentials. 


3.3.3 Corrosion Inhibition 
In order for corrosion to occur, three conditions must 


be met: 
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Figure 3.3 Variations in the Form of the Polarization Curve 


During Reverse Scanning 
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1. There must be a potential difference, given by the Nernst 
Equation, 

2. There must exist mechanisms for the transfer of charge 
between the electronic and electrolytic conductors, and 

3. There must exist a continuous electronic conductor 
between the anode and cathode. 

Corrosion inhibitors act on the first two of these 
requirements. The former involves neutralization of the 
corrodent, while the latter involves the action of a barrier 
layer former. 

Neutralization of the corrodent is achieved by adding a 
reducing agent to react with the oxidizer which is 
responsible for the high corrosion rates. An example is the 
use of hydrazine (N2H,) against oxygen in acid and neutral 
solutions. 

Two of the most common types of barrier layer formers 
are Oxidizing inhibitors and surface-active inhibitors. The 
former of these are used with passive metals when the 
addition of the inhibitor polarizes the metal into its 
pasSive region, for example, the nitrite inhibition of 
steel, as described by Dean et al.'?. 

Surface-active inhibitors adsorb on the metal surface 
and interfere with the anodic reaction, cathodic reaction, 
or both. The mechanism of the inhibitor may be to physically 
block a site, preventing diffusion of reactants, to alter 
the electrified interface thus changing the kinetics, or to 


block specific high energy sites, such as surface defects 
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and grain boundaries where dissolution may be concentrated. 
Organics make up a large proportion of adsorbed layer 

formers, and have found uses in a wide variety of 

environmental conditions, as the following examples show: 


Table 3.1 
Examples of Organic Corrosion Inhibitors 


Metal Reagent inhibitor 
Fe H2SO,4 Amines, 
thioureas 
Al; Zn NaOH Glucose 


Depending on the action of the inhibitor it may be 
elassified as either an’ anodic or a cathodic inhibitor, or 
both. An anodic inhibitor, as the name implies, inhibits the 
anodic reaction and reduces the corrosion rate as 
illustrated in Figure 3.4. 

Similarly a cathodic inhibitor reduces the rate of 
corrosion, Figuré 3.5, byinterfering withe the cathodic 


reaction. 


3.3.4 Potentiostatic Polarization 

The E-log I plots, discussed above, are generated with 
a potentiostat, an instrument which maintains a known 
potential between a working electrode (the metal sample) and 
a reference electrode, and monitors the corrosion rate in 


terms of electrical current. By changing the potential, or 
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Figure 3.4 Anodic Inhibition 
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strictly speaking, the overpotential, on the working 
electrode in a stepwise manner (potentiostatic 
polarization), or scanning at a preset rate (potentiodynamic 
polarization), the corrosion behavior of a material can be 
evaluated over a wide range of potentials. The former of 
these methods will be used to examine the implant materials 


in the subsequent tests. 


Sa! a ¥ 
lth ane fe 


od me aaa a0 solvaded aeosan oo ene 
<) 390702 bak selalsasseg to sonst * yo bedsuisve 

aleiiesen sub iignt edd onimexe ones ws 

» edeed - 


. = y3 - : 
: : - >< 
_ tA. 
ves a. rie a, fy 
J a <5 nS 
2 sa %0 BS 
fall a = = 
? 


7, 


28 


3.4 Corrosion Fatigue 

Corrosion fatigue, or more generally, environmentally 
assisted fatigue can be defined as the cracking of a 
material in response to combined cyclic loading and chemical 
attack. Significant reductions below expected life can be 
caused by cyclic loads well below the ultimate tensile 
stress and, in many cases, below the average yield stress. 
Often the chemical environment 1S not excessively aggressive 
toward the material in the absence of the loading; however, 
in the presence of a cyclic stress service life may be 
Significantly reduced. It has been demonstrated for an 
aluminum alloy that the crack growth rate increases as the 
relative humidity of the air is increased'*. For reasons 
such as this, some consider that any fatigue testing 
performed in other than a high vacuum is actually 
environmentally-assisted-fatigue testing. 

To state that corrosion fatigue is simply a 
Superposition of corrosion and fatigue 1S a gross 
over-Simplification. However, some insight into the 
phenomenon can be obtained by considering the two components 


separately, but in the context of the overall problem. 


3.4.1 The Fatigue Aspect 

The fatigue process has been divided into three stages. 
Stage I involves crack initiation and the subsequent 
propagation of the crack through the two to five surface 


grains. Initiation is considered to have occurred when 
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dislocations accumulate at the metal surface in such a 
configuration as to be equivalent to irreversible extrusions 
and intrusions of layers of metal. If such deformation 
continues, the intrusions, particularly, will become 
ijitiation sites forsacracks. 

In response to the applied stresses cracks will 
propagate into the metal following slip planes in the 
Surface grains which are under the highest critical resolved 
shear stress. Because the surface grains may have a random 
Orientation in the metal, Stage I fracture surfaces will 
tend to be at 45° to the direction of the applied stress. 

According to*Laatd’grStage 11 fractureoccurs by <a 
plastic blunting process; Figure 3.6 illustrates the steps 
involved. As the tensile stress is increased toward the 
ultimate, slip becomes concentrated at the crack tip, in the 
lobes of the stress field, resulting in irreversible plastic 
deformation and finally in an incremental extension of the 
crack. When the load is reversed the crack faces are forced 
together where the blunt tip partly folds to form a 
resharpened tip. Thereafter, the cycle is repeated. As 
illustrated, cracking is usually straight, transgranular and 
perpendicular to the axis of the applied stress. 

Another theory for Stage II crack growth, called crack 
closure, has been proposed by Elber'*. While this mechanism 
does not offer a radical alternative for the extension 
mechanism occurring at the tip of a propagating fatigue 


crack, it argues that residual tensile stresses, remaining 
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Figure 3.6 Plastic Blunting Fatigue Crack Propagation 
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after tensile deformation, play a significant role in the 
kinetics of propagation. "As a consequence of the permanent 
tensile plastic deformation left in the wake of a fatigue 
crack, one should expect partial crack closure after 
unloading." The crack should also be expected to remain 
closed for at least a portion of the tensile part of the 
load cycle. This mechanism means, therefore, that rather 
than the crack propagation rate being a function of the 
total amplitude of the stress waveform, or the 'R' value, 
only that portion of the cycle during which the crack is 
open actually contributes to propagation. In addition to its 
use in Situations where loading is known to be regular 
(constant amplitude and frequency), this theory also gives 
insight into crack retardation and acceleration following 
low and high loading blocks, and in the propagation rate 
duringlmandonchoadsngiledt: PAs 

Finally, Stage III involves the final rupture when the 
crack length exceeds a critical value and the crack growth 
rate becomes exceedingly rapid. The advancing crack becomes 
highly dependent upon inherent weaknesses in the remaining 
ligament, and is typically characterized, therefore, by a 
rough surface composed of regions of brittle and/or ductile 


fracture, 


3.4.2 The Corrosion Aspect 
In the simplest case, preferential anodic dissolution 


at the highly stressed crack tip may be the only 
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contribution made by corrosion to the overall mechanism. 
However, the contribution may be more subtle and 
devastating. For example, the anodic dissolution reaction 
may produce a chemical species which embrittles the material 
by either absorption and accumulation within the metal 
lattice, or it may adsorb at the high energy crack tip, 
presumably reducing the surface energy, and leading to 
decohesion of the metal. 

On the other hand, if the species is an effective 
corrosion inhibitor, the effect of the environment may be 
Significantly reduced, possibly returning the situation to 


one resembling pure fatigue. 


3.4.3 Variables Affecting Corrosion Fatigue Cracking Rates 
Wei and Speidel’?° have outlined a large number of 
variables which can affect the corrosion fatigue cracking 


rate. These have been divided into three groups, as follows. 


Mechanical Variables 
= Maximum stress or stress ratio, R. 
Cyclic loading frequency. 
= Cyclic load waveform (e.g. Square or 

Sinusoidal waves). 

= Stressestate (e.g. bi- or triaxial). 
= Residual stress. 
- Notch or crack size; 


= Specimen geometry. 
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Metallurgical Variables 
=~ Alloy composition. 
~ Distribution of alloying elements. 
= Crystal structure and microstructure. 
= Prior heat treatment. 
Mechanical properties. 
Environmental Variables 
= Temperature. 
T Concentration of damaging species. 
- Electrochemical potential. 


—3 Coatings, inhibitors, etc. 


Fundamental to all theories of fatigue and corrosion 
fatigue crack propagation is the involvement of slip in 
plastic deformation and work hardening. Variables, 
therefore, which limit the number and movement of the 
dislocations will have a major effect on the cracking 


mechanism. 


3.4.3.1 Mechanical Variables 

Slip occurs in response to shearing stresses. teat 
configurations, therefore, which tend to produce low shear 
stress zones, such as under triaxial stress conditions, will 
result in the accumulation of dislocations and possibly in 
the formation of a crack. This sequence of events can occur 
in thick materials in response to external loads, or at the 


roots of cracks or notches. 
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Just as the applied stress is a major concern, the 
presence of residual stresses from prior forming and heat 
treating practice can also have a significant effect. 

Of particular importance in corrosion fatigue is the 
cyclic loading frequency and waveform. Barsom?' has 
demonstrated that the crack propagation rate often increases 
as the loading frequency falls. Furthermore, the loading 
waveform is also seen to be a controlling factor??. Crack 
rates are highest when the rise-time of the tensile waveform 
is longest; a Sinusoidal loading curve is, therefore, more 
destructive than a square wave. 

These phenomena, unique to corrosion fatigue, appear to 
be the results of synergistic combinations of the fatigue 


and corrosion mechanisms. 


3.4.3.2 Metallurgical Variables 

As the generation and movement of dislocations has a 
fundamental dependence on the particular material, the 
metallurgical condition has a profound effect on crack 
MiitCiatLOoneanOngrowe ld. i nsaddi tion tO, 1cS crystal “structure, 
one of the most important fundamental properties of a 
material is the relative magnitude of its stacking fault 
energy (SFE). This energy term is simply the surface energy 
of a plane of atoms in the solid which is stacked ina 
pattern out of sequence from the ideal. As the energy term 
falls, the length of the stacking fault increases as does 


the force required to make it cross slip. 
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With regard to low cycle fatigue crack propagation 
behavior, face centre cubic (FCC) alloys can be grouped 
according to relative magnitudes of SFE, which bear directly 
on the dislocation structures generated in those materials 
in response to cyclic loading. Low SFE alloys, such as 
austenitic stainless steels and cobalt-chromium alloys, 
having high resistances to cross slip form fine planar 
dislocation structures; high SFE materials, for example 
copper and aluminum, form cell-like dislocation structures 
owing to their low resistance to cross slip. 

A consequence of the higher resistance to cross slip, 
in low SFE materials, is the formation of fine persistent 
slip bands, which cause the material to reach its saturation 
hardness at a higher number of cycles than the high SFE 
materials. This capacity to retain the reversible nature of 
slrpipro longs ithettremerrequbredeforverack rnrt ratronm. 
Furthermore, fine slip more evenly distributes plastic 
deformation at the crack tip, which leads to lower stress 
concentrations and slower crack propagation rates than for 
high SFE alloys. 

Two other factors which are considered to have 
Significance in fatigue crack propagation are grain size and 
ductility. Whereas in high cycle fatigue, where life 
increases with decreasing grain size, the same is not 
considered to be the case for low cycle fatigue. According 
to Feltner and Laird?* the grain size has no effect on the 


rate of crack growth in high SFE alloys, presumably as a 
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consequence of the dislocation cell structures. Concerning 
low SFE materials, on the other hand, it has been 
hypothesized by Laird?* that fatigue cracks propagating by 
plastic blunting should be slowed with decreasing grain 
size. 

The effects of ductility vary according to whether the 
fatigue is strain-, or stress-controlled. In 
Strain-controlled, low cycle fatigue, the greater the 
ductility the greater the capacity for deformation and 
blunting’**®, therefore, the lower the propagation rate. 

In stress-controlled, low cycle fatigue, high ductility 
is especially important for cold-worked materials, which 
fatigue soften’?*. If the material posesses insufficient 
ductility the initiation time will be short, and propagation 
rates will be high. For annealed alloys the importance of 


ductility will increase with the level of the stress. 
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4, LITERATURE REVIEW 
This chapter reviews the relevant clinical and scientific 
literature on the corrosion and corrosion fatigue behavior 
of 316L stainless steel and cobalt alloys. A review is also 
made of the literature dealing with the effects of organics 


on these and other materials. 


4.1 Stainless Steel 


4.1.1 Clinical Findings 

Ehlinacabnueports’? ?ha‘iandteate thatsthe fracture; of 
316L stainless steel implants is usually accompanied by 
metallurgical defects in the form of porosity, manufacturing 
defects such as grinding marks, and various design problems. 
However, the actual fracture mechanisms generally fall into 
three groups: fatigue, corrosion fatigue, and stress 
corrosion cracking. While it is sometimes equivocal whether 
the responsible mechanism is actually fatigue or corrosion 
fatigue, some cases have been reported where two mechanisms 
were clearly active during the life of a single 
component??'4?°% 

Some form of corrosion is usually associated with used 
Stainless steel implants. In one study by Colangelo and 
Greene** corrosion was observed on 91% of all retrieved 
components, and crevice corrosion was present at 42% of the 
possible sites. In a number of cases, reported by Cahoon and 


Paxton**®, crevice corrosion was credited with causing such 
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severe tissue irritation that implant removal was required. 


4.1.2 Corrosion Studies 

Considerable research has been conducted on the 
corrosion behavior of austenitic stainless steels under 
Saline conditions. While some reports have dealt with 
Stainless steel aS an implant material, much of the 
published results deal with material selection for use in 
seawater, chemical process lines, and recently, geothermal 
power plants. Fortunately, these latter service conditions 
are Similar enough to the inorganic fraction of body fluids 
to make, at least, a first approximation to the behavior of 
these materials in vivo. 

It has been known since the earliest applications of 
the material that it suffers from localized attack. In 1943 
Venable and Stuck?’ reported that '18-8' stainless steel 
experienced "pit corrosion" in body fluids, but the addition 
of molybdenum reduced this tendency. 

Recent tests in various other media have indicated 
Similar problems. Streicher*®*® studied the corrosion of 
twenty-five different alloys in seawater and found that the 
high Cr-Mo alloys, such as Hastelloy C-276 and Inconel 625, 
had the greatest resistance to localized attack, while AISI 
316 had one of the worst. In similar tests Hack*’ found that 
crevice corrosion on 316 was variable. 

Susceptibility to localized attack has also been 


demonstrated by electrochemical means. Bennett et al.*° 
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uSing cyclic anodic polarization compared the relative 
resistances of AISI 304, 316, and 317 stainless steels in 
pulp mill white water; 316 was rated between the other two. 

Bandy and Cahoon‘*' studied the effect of alloy 
composition on the resistance of austenitic stainless steels 
to localized attack in Ringer's Solution. In the case of 
316L the repassSivation potential was below the corrosion 
potential; increasing the molybdenum content, however, 
produced a higher breakdown potential, and a very small 
hysteresis loop. 

While polarization tests usually give corrosion 
potentials in the vicinity of -0.2 V (Mueller and Greener‘?) 
to 0.065 V (Bandy and Cahoon‘!'), long term tests indicate 
that the corrosion potential generally drifts in the 
positive direction to an average value, after twenty days, 
of approximately 0.14 V (Levine and Staehle‘’?). Brettle and 
Hughes** also show a similar trend; however,the potential 
after 100 days, in their test, was only about 0.014 V. 
Because they did not report if the solution had been 
oxygenated, this potential value may reflect deoxygenated 
conditions. Regardless of the source, however, all 
potential-time plots show frequent potential fluctuations, 
Similar to the results of Levine and Staehle‘**?, which Hoar 
and Mears*® suggest are caused by passive film breakdown and 
pitting. 

Hoar and Mears‘*, who conducted both potentiostatic 


polarization and potential monitoring tests, report that 
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after 480 hours a corrosion potential of 0.26 V was reached. 
Because they also recorded breakdown potentials of 0.116 V 
to 0.24 V, they concluded that spontaneous film breakdown is 
possible if the stainless steel remains in aerated saline 
fon Lhongsperiodsi< 

Some confusion appears to be associated with the value 
of the breakdown potential. Anodic polarization curves 
generated by Mueller and Greener‘**® and Bandy and Cahoon?' 
for annealed 316 in aerated Ringer's Solution show breakdown 
in the vicinities of 0.35 V and 0.55 V. Mueller and 
Greener‘’' suggest that the difference is due to a variation 
in oxygen partial pressure, an explanation which is 
consistent with another of their findings, that breakdown 
under deaerated conditions occurs at 0.16 V. In similar 
tests using cold worked 316L, however, Syrett‘** found that 
the breakdown potential was independent of oxygen content. 

Concerning Bandy and Cahoon's‘*' results, no mention is 
made of varying oxygen concentrations. However, it is 
reported that in the early tests, possibly referring to 
those giving lower breakdown potentials, crevice attack 
occurred -at the gasket-sample interface. As the breakdown 
potential for crevice corrosion is lower than that for 
pitting, it is possible that this phenomenon was responsible 
for the lower values in the cases of both the annealed and 
cold worked materials. 

A few papers have been published recently dealing with 


the effects of physiological organics on the corrosion 
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behavior of 316 stainless steel; however, the results appear 
to be contradictory. 

Samitz and Katz*’ compared nickel dissolution from 316L 
in various solutions including isotonic saline (0.17M NaCl), 
pooled sweat, whole blood, and plasma. After one week, they 
found nickel concentrations to be greater, for the most 
part, in the physiological solutions than in the isotonic 
Saline. 

In 1980, Brown and Merritt‘**® reported results which 
Supported those of Samitz and Katz‘*’. 316L coupons were 
immersed in solutions of saline, saline plus 1% serum , and 
Saline plus 10% serum. After maintaining an anodic potential 
of 5 V for thirty minutes, the samples were compared. 
Samples in solutions containing serum were attacked more 
than those in saline, and the extent of damage increased 
with serum content. Anodic polarization curves in the same 
solutions showed that the critical current for passivation 
was increased in saline containing serum. 

Contrary to the results of the two reports above, 
however, another series of tests, also reported by Brown and 
Merretétiftteon’ £rettangncorvosdoncofes 16by iandacatedrthattthe 
serum may have actually been beneficial; weight losses were 
over seven times greater in isotonic saline than in 10% 
serum. As a side note, their results showed a more negative 


corrosion potential in serum than in saline. 
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4.2 Cobalt Alloys 


4.2.1 Clinical Findings 

In a survey of ten reports?’~** dealing with both 
Stainless steel and CoCrMo implants, the only failure 
mechanism reported for the latter was fatigue. In one paper, 
by Cahoon and Paxton**, however, this mechanism was assumed 
Simply on the basis that the implant failed in a brittle 
manner and because it had been cyclically loaded. This case 
emphasizes a caution stated by White et al.?°* on the 
identification of fracture mechanisms; while fracture 
Surfaces are often obliterated subsequent to failure, they 
note, it 1S important to consider that the necessary 
conditions for corrosion fatigue and stress corrosion 
cracking, and other mechanisms also exist, and that the 
identification of all brittle failures as fatigue will only 
"lead to complete ignorance of the root cause of the 
problem." 

As was the case with the stainless steel implants, all 
the CoCrMo fractures had associated defects. However, unlike 


the stainless steels, no corrosion of any type was reported. 


4.2.2 Corrosion Studies 

Compared to the volume of literature on the corrosion 
of stainless steels, relatively little is available on the 
ambient temperature corrosion of CoCrMo alloys. Most of what 


is available, however, deals with the use of the material in 
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Surgical implants. 

The anodic polarization of cast CoCrMo has been studied 
by several teams in solutions simulating the physiological 
milieu. Cahoon et al.*° performed potentiodynamic 
polarization on a cast CoCrMo in Ringer's Solution 
containing physiological pressures of oxygen and carbon 
dioxide. The anodic curves, thus produced, were similar to 
those for the stainless steel in that the material 
self-passivated with a current of approximately 10°° A/cm’. 
On reversing the potential scan, however, unlike the 316L, 
the material repassivated and exhibited only a small 
hysteresis. This behavior agrees with the results of Sury*', 
who studied Vitallium in 10% HCl, and Uhlig and Asphahani*?, 
who examined HS-21 in 4% NaCl at 70°C, all without 
experiencing localized attack. In fact, this material is so 
resistant to localized attack that it took Pugh et al.°* 74 
days to detect crevice corrosion on Vitallium in 10% HCl 
plus 1% FeCl3;, and of 40 samples tested only two showed 
evidence of the attack. 

While Hoar and Mears*® did not study reverse 
polarization behavior, they found forward anodic curve forms 
Similar to those reported by the authors mentioned above in 
Hank's Solution, human blood, and in NaCl solutions. 

Depending on the source, breakdown potentials are 
reported from approximately 0.3 V,in the case of Mueller and 
Greener’*®, who used aerated Ringer's, to 0.87 V for Brettle 


and Hughes‘‘ where 0.17 M NaCl was the test solution. While 
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there are several cases when high breakdown potentials arise 
(such as high potentiodynamic scanning rates), Hoar and 
Mears*® report that the potentials in 0.17 M NaCl are always 
higher than in balanced saline solutions, such as Hank's 
Solution, 

As was the case with 316L, corrosion potentials of 
CoCrMo rise with time. Lucas et al.*°* reported a corrosion 
potential after a number of hours in 0.9% saline to be 
-0.24 V, while Hoar and Mears‘*® reported an average value of 
0.26 V, between 20 and 200 days in 0.17 M NaCl, and 0.07 V, 
after 71 days in vivo. Because these long term values, and 
particularly that for the in vivo situation, are lower than 
the breakdown potential, Hoar and Mears** consider 
spontaneous film breakdown to be highly unlikely. 

Regarding the interactions between implant materials 
and physiological organics, research has continued, to 
varying degrees, from two standpoints: the effects of body 
Organics on the implant metal, and the effects of the 
dissolved metal ions on the body. Work on the first of these 
has been relatively sparse. 

Samitz and Katz‘*’, in addition to working with 
Stainless steel, also studied Vitallium and found the 
concentrations of nickel to be greatest in physiological 
solutions, as was the case for the steel. 

Hoar and Mears‘*® monitored corrosion potentials in vivo 
and in vitro and found the former to be up to 200 mV more 


negative after 71 days. 
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In a test reported by Clark and Williams**®, a CoCrMo 
alloy was immersed in a saline solution containing serum 
albumin. They found that the cobalt and molybdenum were 
being selectively removed from the surface, possibly by the 
formation of stable complexes with the surrounding organics. 

Perhaps the first unifying theory relating the role of 
physiological organics to the corrosion of an implant 
material was made recently by Woodman et al.**. In tests on 
Vitallium total finger prostheses implanted into cats they 
learned that the concentrations of dissolved cobalt and 
nickel increased exponentially over the one year test 
period. Furthermore, both ions were only detected bound to 
serum proteins. It was hypothesized that the continued 
increase in the metal ion levels was due to an autocatalytic 
mechanism directly involving the serum proteins: the 
presence of dissolved metal ions stimulates the immune 
System which results in a supply of proteins; metal ions 
complex with the proteins, diminishing the ion concentration 
adjacent to the metal, which leads to continued dissolution. 

In comparison, a greater number of studies have 
considered the interactions between metal ions and 
physiological organics. Among the information gathered to 
date are the following points: 

3 heCundCostandeN net end ftovc treulate rr bthe chody tand 

become stored in various organs,°*’ 

- at least Co forms complexes with serum proteins, and 


possibly other organics, °° 


-esbnapye eqifnvoraue ih aaiw caaalinead 

to siov sie gabtetet spied? satan suit ats again 
sasigmi os 29 te reov70D atta od zntaspre 
ne adeed at 0! feds eee 7 
yoSs eteo oni batdehant esgeizeore tepai® fetes methiasiv ~ ean 
Bins Jistos bevloeai® fo duo iter tie s006 o43.4ed7-bomaes ae be 
j28% WHey 2no SaI Wyss ¢iistaoonogxs bezasa20t Ledoin : / 

as bated Besteteh gino sie" eneteiecd s1om@red tau iboleq, 
geunisiod sd+ thdt bexiesdiogyd enw 2h ahh Bae 
sizgleiazosus he 07 Sb a2bwvelovet Ob? Lagoa edt ink) easeroni 
ada senfeso1g mutee oft pAbviewal yijosiib meingdgom 
gnuaitt ods 26ebighis2 9ner Lssem Sevioweth 10 SampeORT. 
end? Letem :entssdiq is wiggde snk a3ivest doidw maseye 
noitexmagonoo nod. sAd pri ie tp takby jeoteseag eds tiv xe iqmor 
notsuleeeibvbeunitnos ¢4 2Seef deity , laton. sti2 o+ snesatbs 


_ 


| 


eT) 
ue 


sved. esifute fo wdMUEN istsexe = ,weRtuéqmoo ne jeg 
bits enot Lerem neovtsd endiiretesne: ad3 bewsbienos | ? a 
ot Setadysp aottamioins ats wena _evitinpiateoigecoiegda © 7 7 
sadnieg miababeliatnie ks a 
bas ybddvadtd nd Susieioals ot Bags sehen) e9 yay Rer ee 2 ge 
|? amapse aucitevent besote amopede a 
cite \aninodnty aed sc eae ne 9 sea 98 eas ; ~ 


46 


- Cr levels are highest near the implant,°>’ 
- the metal-protein bond may grow stronger with 


Orme ° + 


4.3 Effects of Organics on Other Alloy Systems 

In addition to the research performed on the effects of 
organics on stainless steel and CoCrMo, work has also been 
made on other alloy groups. 

While testing candidate materials for implantable 
electrodes, Niazy et al.*' studied the effects of various 
Organics on the anodic polarization behavior of aluminum and 
zinc. While none of the test solutions had any visible 
effect on the passivation of aluminum, solutions containing 
bovine plasma protein, and a mixture of chondroitin sulphate 
and arginine produced pasSivity on zinc where none existed 
in isotonic saline. 

Similarly, in anodic polarization experiments on 
copper, nickel, cobalt, and titanium in Ringer's Solution, 
Svare et al.*? found that solutions containing the amino 
acid cystine enhanced the passivity of copper, while for 
nickel passivity was inhibited. 

The effects of amino acids were also investigated by 
Solar et al.** on T1-6A1-4V. In anodic polarization tests 
arginine and methionine shifted the reversible potential in 
the negative direction, while proline, tyrosine, glysine, 
and cystine shifted it in the positive sense. No effects 


were noted in the passive regions. 
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Ti-6Al1-4V was also the material examined by Aragon and 
Hulbert‘**. In tests Similar to those conducted by Solar et 
al.°*, lower current densities were attained using plasma 
than with isotonic saline. Furthermore, while lactated 
Ringer's Solution shifted the corrosion potential in the 
negative direction by over 300 mV, the corrosion current 
increased by approximately one order of magnitude over the 


value in zrsotonic: saline. 


4.4 Corrosion Fatigue of Cast CoCrMo 

As waS indicated above no corrosion related fracture 
mechanisms have been reported in the clinical literature for 
CoCrMo. However, this may not reflect the actual mechanisms, 
for when faced with equivocal data, one may choose to 
identify the fracture mode as fatigue, based on previous 
experience with the material, rather than the more debatable 
mode of corrosion fatigue. 

A corrosion fatigue study was conducted by Luckey‘°® 
uSing deaerated lactated Ringer's Solution. Samples were 
Sinusoidally loaded in reversed bending at a rate of 30 Hz. 
The endurance limit at 10’ cycles was reported to be 419 MPa 
(60.8 ksi); however, he remarked that the endurance curve 
was Still decreasing at this point. While he did not discuss 
his findings in detail, he concluded that his work "... has 
Shown potential environmental effects on the high cycle 
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Corrosion fatigue tests were also conducted by Miller 
et al.**. Cast CoCrMo samples were sinusoidally loaded in an 
aerated tissue-culture medium at a rate of 2500 Hz. They 
justified their use of this high loading frequency by 
stating that "... the work of Bowers and Staehle and Devine 
and Wulff indicate that corrosion fatigue has a relatively 
small effect on this alloy." (the works referred to are 
unpublished). From their results, however, they calculate an 
allowable design stress of 321 MPa (46.5 ksi), such that 
there 1s a 95% confidence of less than one failure in one 
thousand after 5 x 10’ cycles, assuming no manufacturing 
defects. 

Fatigue testing in air was performed by Ducheyne et 
ai.steinia foun poimt bending j2qy(intactvhip®: prostheses 
were loaded at 30 Hz to various stress levels. They reported 
avfatigue Limitmof 424 °MPa (61.5%ksi) at 10’ cycles. 

Gilbertson**, also uSing intact hip prostheses, studied 
the relationship between fatigue strength and the loading 
orientation. He found that the endurance limit at 10’ cycles 
increased@hrom 1054266 2122 N (237 to 43% Ibs), or 
approximately 1 to 3 body weights, as the loading axis 
approached the long axis of the device. 

In a review of the fatigue strengths of various 
cobalt-based implant alloys manufactured by Sulzer Brothers 
Ltd., Lorenz et al.*°*® discuss the microstructures, the 
fatigue resistance, and the fatigue fracture morphologies of 


cast CoCrMo tested in air. From the basic fatigue strength 
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of 190 - 280 MPa (27.6 - 40.6 ksi) in the as-cast condition, 
the strength increases to 280 - 350 MPa (40.6 - 50.8 ksi) 
following a homogenizing anneal. Solution annealing, 
however, while increasing the impact and tensile strengths, 
produces fatigue strengths of only 220 - 280 MPa (31.9 - 
40.6 ksi). This lower fatigue strength is blamed on the 
presence of voids, termed "Kirkendall holes"*’, which remain 
after the carbides are dissolved. 

The relative effects of notching and cyclic loading in 
a corroSive environment were investigated by Hughes et 
al.**®. Cast CoCrMo samples were tested as both smooth and 
notched specimens in air and in saline, and the endurances 
at 10°® cycles were compared. Their results are listed below: 


Table 4.1 
Results Reported by Hughes et al. 


Endurance Limit at 10°® Cycles, MPa (ksi) 


Smooth Specimens Notched Specimens 
Tested in Tested in Tested in Tested in 
ALY Saline (Gee Saline 

248 234 138 48 

(36.0) (33.9) (20.0) (ey) 


Based on these findings, they calculated that the total 
effect of notching and testing in saline was to reduce the 
endurance limit by 81%. Of this the presence of the notch 
had the greatest effect accounting for 55% of the total 


reduction, while the chemical effect only accounted for 7%. 
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Finally, an interaction effect, defined as the difference 
between the total effect and the individual contributions of 
the notch and the environment, was calculated to contribute 
over 30% to the total. Therefore, although the individual 
effect of the saline was small, the combination of it with 
the notch was very significant, and may have even been 
greater if the loading frequency were less than 100 Hz. 
Regarding fractographic features, most sources, 
including the clinical reports, agree that fatigue crack 
propagation in cast CoCrMo is charaterized by cleavage 
fracture resembling Stage I crack growth. Both Gilbertson‘*® 
and Lorenz et al.*’* suggest that this is related to the low 
Stacking fault energy, which makes cross slip difficult. 
Ducheyne et al.‘*’, on the other hand, suggest that a 
deformation-induced martensite phase transformation from FCC 


to HCP may be responsible. 
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5. MATERIALS AND PROCEDURES 

The research was divided into four sections according to the 
objectives. The first section was the development of an 
experimental procedure which could be used to generate 
reliable potentiostatic polarization curves. The second and 
third parts dealt mainly with the polarization behavior of a 
cast cobalt alloy in solutions containing combinations of 
glucose and other physiological organics, in the form of 
calf blood serum. The fourth, and last part, was a study of 
the effect of physiological organics on the corrosion 
fatigue crack propagation rate and fracture morphology in a 
caSt, copaltwalloy. 

The following section will review the chemical 
compositions, metallurgical conditions, and mechanical 
properties of the three materials studied, and will describe 


the equipment used and the procedures followed. 


5.1 Test Materials 

In addition to the 430 stainless steel used in the 
procedure development runs, the three materials involved in 
the tests were: 316L stainless steel and cast Vitallium both 
machined from used total hip implants, and Vitallium cast 
into the form of round tensile specimens. Plate 5.1 shows 
that the stainless steel implant, used as the source of 
material, had fractured in service. The Vitallium implant, 
Similar to the one shown in Plate 5.2, was, on the other 


hand, intact. It is assumed that it was removed because of 
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Plate 5.1 Fractured Stainless Steel Implant 


Plate 5.2 Intact Vitallium Implant 
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infection or loosening. 

The Vitallium fatigue specimens, produced and supplied 
by Howmedica Inc. of Rutherford, New Jersey, were purported 
to be in the same metallurgical condition as the "Vitallium" 
prostheses that they manufacture. 

Analysis of the test materials consisted of determining 
their chemical compositions, hardnesses, microstructures, 
and in the case of the fatigue specimens, tensile 
properties. Chemical analysis was performed by the Alberta 
Research Council (ARC) using their Induction Coupled Plasma 
(ICP) spectroscopy equipment, and in the Department of 
Mineral Engineering using the Leco carbon analyser. Among 
the results reported by ARC the compositions given for 
manganese, phosphorus, and sulphur were all high, in most 
cases, several times the maximum specified limits. In the 
case of the stainless steel the concentrations reported were 
much higher than the levels readily obtainable in even the 
lowest steel grades. It was, therefore, considered that the 
values for these elements did not reflect actual 
concentrations, but, rather, erroneous analyses on the part 
of the laboratory. -While these results are not included in 
the following summary of results, they are attached as 
Appendix B. 

All other analyses were carried out in the Department 


of Mineral Engineering. 
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5.1.1 Stainless Steel 

One grade of stainless steel currently used in the 
manufacture of implants is 316L. In North America this 
material is often required to conform to the minimum 
requirements of ASTM F55-82. The compositional requirements 
of this standard and the assay of the test material are 


given below. 


Table 5.1 
Chemical Composition of Stainless Steel Test 

Material 

Element ASTM F55-82 Test Material 

Grade 2 

cS 0.030% (max) <O30 1% 

Gr B70 = 1910 % 13.0% 

Ni 1220-14 20% 14.0% 

Mo 2RO= 3 FOF 255% 

Cu 0.50% (max) OO Ts 

N 0.10% (max) Not Analysed 


These results indicate that the material conformed to 


the chemical requirements of ASTM F55-82. 


5.1.1.1 Metallographic Examination 

Longitudinal and transverse sections were cut from the 
stem of the hip prosthesis. Plate 5.3 shows a transverse 
cross section to have an equiaxed grain structure with an 
ASTM size of approximately #5. These features together with 


the absence of any deformed twins indicate that this 
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austenitic material was in the annealed condition. 


Plate 5.3 Typical Microstructure of the 316L Stainless 
(100X) 


5.1.1.2 Hardness Results 
Rockwell hardness and Vickers microhardness 
measurements were made on a transverse section of the 


implant with these results: 
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Hardness of Stainless Steel Test Material 


Rockwell Vickers 

Hardness Microhardness 
Test HRB#75 HV . 162 
Sample (average of (average of 


5 readings) 


5 readings) 


Typical 
Values’? HRB 85 -°95 Not Given 
Dead Soft = HRB 80 Not Given 


Although the hardness specification was not obtained 
from the manufacturer, the literature values would indicate 
that the material was in the fully annealed condition. 

Although a failure analysis was not performed on the 
implant, it 1S probable that the mechanism of fracture was 
aggravated by the low hardness and, therefore, a low tensile 
strength. However, based on the chemical composition, it is 
considered that the corrosion properties would have been 


Simi lapecoumaverial «in. a harder condition. 


5, 1.2 <cast, Vitallium 

Of the several cast CoCrMo prostheses on the market the 
one used in this research was manufactured by Howmedica Inc. 
andieisereterredstompy them.as  wWitallium)., Similan, a fenot 


identical alloys are also produced by other manufacturers 
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under other proprietary names, such as: Haynes 21 (Cabot 
Co.), Zimaloy (Zimmer Co.), Stellite (Union Carbide), and 
Protasul-2 (Sulzer Brothers Ltd.). 

In North America the materials for CoCrMo implants are 
usually produced in conformance with the minimum 
requirements of ASTM F75-76. The chemical composition 
required for that specification, and the assays for the two 


alloys studied are as follows: 


Table 5.3 
Chemical Composition of Vitallium Test 
Materials 
Elements ASTM Implant Fatigue 
FtS= 76 Sample Sample 
€ 0.35%(max) O72 2.1% 02 03% 
Si 1.00% (max) 0.082% 0.99% 
GE 27 Ons. 0% Z2PRe 24.0% 
Ni 2.5%(max) Pre 0% Oehe% 
Mo So. Os250% 6.05% S83 5% 
Fe 0.75%(max) 0.18% Cates 
Cu Not OROS% 0.05% 
Specified 


Of these two alloys only the implant material conforms 
to the ASTM specification; the fatigue sample does not 
conform as a result of the low chromium content. While this 
discrepancy means that the average corrosion properties of 


the fatigue sample material would be inferior to that of the 
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implant material, it cannot be said that the alloy is 
unacceptable for use in the body as it is not known if 
conformance to the quoted specification is required in this 


instance. 


5.1.2.1 Metallographic Examination 

Transverse sections were cut from the neck of the 
prosthesis and from the gage length of a fatigue specimen. 
In Plates 5.4 and 5.5 the microstructures of the two samples 
appear to be different; the prosthesis material contains 
more interdendritic carbide than the fatigue test material. 
It is believed that the only cause for this was the lower 
carbon content in the latter. 

Common to both materials was the large dendritic grain 
structure (ASTM size 0), and only a single layer of fine 
surface grains. These features are typical of castings which 
were poured into heated molds and slowly cooled. 

Both materials also contained porosity. In the case of 
the prosthesis material it was predominantly present at the 
grain boundaries, while in the fatigue specimen the porosity 
was located both within the grains, usually associated with 
carbides, and at the grain boundaries. 

Based on these observations, in addition to the lack of 
extensive coring it is likely that both materials were in 
the cast and homogenized conditions. In the case of the 
fatigue specimen, the annealing temperature may have been 


somewhat high and resulted in a partial dissolution of the 
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Plate 5.4 Typical Microstructure of Vitallium Hip Implant 
(100X) 


Plate 5.5 Typical Microstructure of Cast Vitallium Fatigue 


Specimen (100X) 
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interdendritic carbides and the formation of porosity. 


5.1.2.2 Hardness Results 
Rockwell 'C' hardness tests and Vickers microhardness 
tests were made on both materials with the following 


results. 


Table 5.4 
Hardness of Vitallium Test Materials 


ASTM Implant Fatigue 
EF 75-76 Sample Sample 
Rockwell '‘'C' 
Hardness 20-34 P| Pipe 
Vickers Not 
Microhardness Specified 295 B22 


Although the hardnesses are near the lower limit of the 
specified hardness range, both materials conform to the 
specification. 

The discrepancy between the microhardnesses and the 
Rockwell hardnesses of the two samples is likely a result of 


a variation in hardnesses among various heats. 


5.1.2.3 Tensile Results 
Three of the fatigue samples were tensile tested with 


the following results: 
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Table 5.5 
Tensile Properties of Vitallium Fatigue 
Specimens 


ASTM F75—76 Samples 


Tensile 655 MPa (min) 630 MPa 663 MPa 727 MPa 
Strength (95 ksi) (OIA ksi) (96.2 ksi) Cte Se5 
ksi) 
Yield 450 MPa (min) 418 MPa 397 MPa 272 MPa 
Strength (65 ksi) (60p6nkshb) €(5726tksi veG3oré¢hksi ) 


CO.2% Offset) 


Elongation 8% (min) 8.6% 9.4% 10% 


These results show the tensile strengths of the fatigue 
Samples to be highly variable (from -3% to 11% based on the 
minimum specified) as well as only marginally acceptable. 
Furthermore, the yield stresses are even more variable, and 
below the specified minimum values. While conformance to 
this specification may not be required, it is almost certain 
that the variability is unacceptable. 

Although the corrosion behavior of the fatigue 
specimens would be almost identical to the prosthesis 
material, the endurance limit may be somewhat low as a 
result of the marginally acceptable tensile strength, and 


towpebut acceptable. ducta lity. 
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5. 1. 3) Water 

Common to all tests was the water used to prepare the 
test solutions. It was assumed that the building's purified 
water would be suitable. However, analysis showed the 
resistivity to be well below the value given in the system 
specifications. Since maintenance was scheduled on the order 
of weeks per interval, a fluctuation in water quality was 
expected. This source was, therefore, judged not to be 
sufficiently consistent, or dependable for the research. 
This judgement was reinforced when, during early 
experimentation, the deionizer resin was changed and, for 
several days thereafter, the water had a strong organic odor 
and. a surfactantMquality. 

To ensure consistent quality, water from the building's 
System was first passed through a series of ion exchange 
columns. Any organics present were then oxidized during a 
Single distillation from a potassium permanganate solution. 
Water produced by this means had an average resistivity of 


10K ohms-cm. 


5.1.4 Simulated Physiological Solutions 
The ingredients of the basic simulated physiological 


solution were*as follows: 
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Table 5.6 
Composition of Simulated Physiological 
Solution 
Component Weight 

ig/1) 
NaCcl 6.30 
KCl 0.374 
NaHCO; Zat6 
Na2HPO, Or. Orze1 
NaH2P0O,4.H20 05069 
Glucose 1.000 
MgCl2.6H20 0.203 
MgSO, 0.060 


The dry ingredients for simulated physiological solutions 
(SPS) were prepared in batch quantities of up to thirty 
times the nominal composition. To ensure homogeneity, all 
ingredients were first pulverized with an agate mortar and 
pestle, and to avoid precipitation of magnesium salts during 
dissolution, all components bearing magnesium were 
segregated into a separate vial. 

Besides the glucose, organics were also added in the 
form of calf serum, prepared by Flow Laboratories. Primarily 
concentrataonsrof:0.0d%e1001% ,sS%¥ndandiis% wererused: 
however, in one test 0.001% serum was used. 

Solutions were prepared in a one litre volumetric 


flask. First the serum was diluted, then the 
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non-magnesium-bearing salts were dissolved, followed by 
those containing magnesium. The solutions were mixed with a 


magnetic stirrer. 


5.1.5 Gases 

The gases used in the testing of the cobalt alloys were 
prepared by Matheson of Canada Ltd. and had the following 
compositions; 


Table 5.7 
Gas Compositions 


Interstitial: O2 40 mm (Hg) 
(0.056 atm) 

Oe 45 mm 
(0.063 atm) 


Bottle 1 O2 6.65 molar percent 
COn 650] : 
Ar Balance 

Boutle 2 Oz 6.47 molar percent 
CO2 Exh! K 
N > Balance 


5.2 Polarization Studies 


5.2.1 Development of Experimental Procedure 

Before potentiostatic polarization testing could begin 
it was necessary to develop a standardized experimental 
procedure that would yield reproducible results. For this 
purpose ASTM deSignation G5-78 was used. This practice 


involves the generation of anodic polarization curves for 
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430 stainless steel in deaerated 1N H,S0O,. It provides 
Standard curves with which to compare results, and discusses 
experimental problems that may be encountered. 

Instructions for solution and sample preparation were 
generally adhered to, with the following exceptions: 

1. It was recommended that the working electrode be 
degreased in boiling benzene; this was not done. Rather, 
Samples were ultrasonically rinsed in acetone. 

2. Argon replaced hydrogen as the purging gas. According to 
Chance et al.’?, when all other factors remain the same, 
this does not affect the results. 

3. The platinum counter electrodes were not platinized. 


4, The starting potential was below the corrosion potential. 


5.2.1.1 Test Apparatus 

Figure 5.1 gives an illustration of the equipment used 
in this initial work. The system has four main units: the 
polarization cell, the gas purification and monitoring 
System, the potentiostat, and the current measuring and 
recording system. 

The Cell 

The cell and the glassware for the five electrodes were 
Similar in design to those described by Greene’*. The 
temperature of the test solution was maintained at 37°C by 
partial immersion in an oil bath. 

The Gas System 

As mentioned, argon was used as the purging gas. 


Because it was found to contain oil, which accumulated in 
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the Tygon tubing, an effort was made to remove the oil by 
passing the gas through calcium sulphate chips at a rate of 
20 mL/min. Any residual oxygen was removed by passing the 
gas over copper turnings or titanium powder at 600°C. 

The Potentiostat and Current Measuring Systems 

During the course of the experimentation two 
potentiostats and current measuring systems were utilized. 
Initially, an AMEL 549 potentiostat was used. Current was 
determined by measuring the voltage drop across a decade 
resistance box, placed in series between the counter 
electrode and the potentiostat. A Strip recorder and 
voltmeter were isolated from the cell by an operational 
amplifier wired as a voltage follower with a gain of 10:1. 
The strip recorder monitored corrosion current with time. 

This system had a number of problems and limitations. 
As Figure 5.2 shows, the characteristic curve for the 
amplifier deviates from linearity below 0.03 volts output, 
and gives negative output for input potentials below 
2x 10°" V. These features of the amplifier became important 
as currents in this range were often encountered as the 
corrosion potential was approached. 

One other limitation resulted from the fact that 
resistors of greater value than 10KQ were found to affect 
cell reactions. The decade resistor box, therefore, could 
only contain five ranges; the resistor values are given 


below. 
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Table 5.8 
Decade Resistor Values 


Nominal Value Measured Value 
(Ohms ) (Ohms ) 
1 ee 
10 LOWO 
100 290 
1K OS Oras 
10K 8826.0 


The second system consisted of an AMEL 551 potentiostat 
with an AMEL 560 log interface. As before, the strip 
recorder monitored current with time and an electrometer was 
used to digitize the analog current values. The experimental 
arrangement for this system is illustrated in Plate 5.6 and 


in FPAqur ew>.3' 


5.2.1.2 Procedures 

Samples were prepared by wet abrasion down to 600 grit, 
with SiC paper. They were stored in acetone during transport 
from room to room. Prior to immersion they were rinsed in 
the building's purified water, then dipped in test solution. 

Before the test began the solution was purged of oxygen 
for at least oneshalf Jhourgprionsto tthe antroduction of the 
Sample, then the system was allowed to equilibrate for 


one-half to one hour. 
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At startup, a potential below the corrosion potential 
was set on the potentiostat, and a maximum level and 
Stepping rate were set on the function generator. Finally, 
the cell was switched into the potentiostatic circuit, and 


the strip recorder turned on. 


5.2.2 Polarization Studies in Simulated Physiological 
Solution 
When it was found that the experimental methods could 
be used to generate reproducible results, work began on 
testing the stainless steel and cobalt alloy in simulated 


physiological solution. 


5.2.2.) Procedures 

The solution was prepared by first diluting the serum, 
where it was used, followed by the dissolution of the 
magnesium-free salts, and the magnesium salts. 

As it was found that aeration of solutions containing 
serum, by bubbling, produced large quantities of stable 
foam, another method was required. This new method involved 
producing a vortex with a magnetic stirrer such that a 
Swirling mass of bubbles and solution was formed. Any foam 
produced by this method was immediately broken by the 
turbulence. This process lasted approximately twenty minutes 
prior to the introduction of the sample. 

Concurrent with solution aeration, the samples were 
prepared. They were first wet abraded to a 600 grit finish, 


then immersed in acetone while being transported, washed 
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with a mild detergent, rinsed in tap water, and, finally, 
ultrasonically degreased, again in acetone. Before the 
Samples were placed in the cell, they were rinsed in 
distilled water and dipped in test solution. 

With the stirrer rotating at about 40 rpm, the system 
was allowed to equilibrate for one hour. After this period, 
the corrosion potential was measured, the starting potential 
set, and the cell switched into the potentiostatic circuit. 

Where applicable, the reverse scan was made at the same 
scan rate. The value of the current just before the next 


potential step was recorded. 


5.3 Corrosion Fatigue 


5.3.1 Apparatus 

These tests used a system composed of three units: the 
load frame, the cell, and the solution conditioning and 
Circulation unit. The experimental arrangement is 


illustratedwingeePlate 5.7: 


5.3.1.1 The Load Frame 

All fatigue tests were performed on the MTS 810 Load 
Frame. This is a versatile closed-loop hydraulic system with 
adjustable cycle frequencies and waveforms, and a maximum 


load capacity of twenty-five metric tons. 


; ae 
by¢htent? bas 
- at 
ad2 910398 «er 3: 36 7” 


en at bsankt anew 4 oad | 


i 
; hntae tout i203 


mezeye edi ,mqx OF juods ts panies o% nevi: 


,botieag eid? 19374 ie sno 1607 ‘vtontthig 
‘< 

tatdeadiecent ssenete 9 13. bemuesom) -2ew ieisne a 
iz e¢ Hy Ria 

tiussio vitsteotsnesog end osas bsdosiwe | 


1608 telat eda jotdeai 


oe) 
my 
ime 
ay 
4. 
? 
v 
y 
oe | 


S$xenveds s1020d taut dts23U0" edtute ‘sulev edt 
, 2 ie 
.bsb1e287 es snide 


ay tatinu seid to hesoqen > MOesIeYe # beau | ad fed 
bas of inotsibnes noistulos sid brs. (lao: 8 
2it tnemepnst3.6 Leynemiteqxs aa? st aa 


tt otale. si bed 
e 


oo ae wee _ 
oe ’ per 
ome14 bee nee t 


> £. 
bed OF 2 27M edt) ne bemiotyeq, oro". ataau ¢ yoite® | 


~ ee 


deca 
4 eid 7 
dztiw medgaye otlusibyd gqool+besofs: sliiserev. soa gat 


mumixem sc Dna ,emsotevew Bae esi onewper? es 


,enod abisem avitsyinews Yo ste 
si er a : 


ee 
Sone 


—— 


74 


AN 


% 


SI cescooe | 
d 


OILTIWLSINSd 


Wd IOHLNOD 


f 


aWvu4 0 


Vv 


rekon. 


O71 


onbtzeg 


but4say, 


UOTSOIIOD AOZ JUSWebuetiy Jueudinbg 7° a3eTg 


Y341gdsnd YalVM 


ISYHNLXIW SVD 


~ 
_ 


ap © gdorbueur yiuwudemeus fOr CotLoeT ou Loe nd 


i] 


gue 


lene 
_BpSES 2 


. 
2 


- 


5,35 bee neces 

The cell, constructed of acrylic, Plate 5.8, was 
designed to allow axial loading of a threaded tensile 
specimen in a liquid environment. The assembly consisted of 
a cylinder with endplates, one of which was removable. To 
accommodate grip extensions, an opening was made in each end 
with rubber 'O' rings to provide leak-free operation. Two 
ports in the side of the cylindrical section served as inlet 
and outlet for the circulating solution, while a third hole 


was made available for an optional reference electrode. 


5.3.1.3’ Solution Conditioning And Circulation 

Constant test conditions were maintained at all times 
during a test. In a reservoir outside the cell the solution 
was aerated by the previously described 'vortex' method and 
the gaS pressure above the solution was set to approximately 
1 Pa by a water bubbler. Solution temperature was regulated 
by immersion in an oil bath. 

A peristaltic pump circulated the solution to the cell 
at a rate of 1 mL per second; return flow was by gravity. 


The sample potential was not monitored. 


5.3.2 Samples 

All the specimens were found to have some degree of 
bend; some more than others. In one case the testing machine 
grips could not accommodate the bend and the test could not 


be performed. 
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Plate 5.8 The Corrosion Fatigue Cell 


CORROSION FATIGUE 


CELL 
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Tal 


The specimens were notched with a low speed diamond 
wheel to a nominal depth of 0.17 of the diameter. In cases 
where the bend was noticeable, the notch was made on the 
concave Side. Plate 5.9 shows the typical location of the 
notches and Plate 5.10 shows a cross section of a typical 
notch to have a tip radius of approximately 0.25 mm (note 


porosity )z 


5.3.3 Test solurrons 
Solutions consisted only of zero and five percent serum 
mixed with the other ingredients in the same manner as in 


the previous tests. 


5.3.4 Procedures 

The specimens were prepared by rinsing them in acetone 
to remove felt pen markings, followed by washing, rinsing, 
and drying. 

The sample was then threaded into the grip extensions 
and the crevices at each end covered with Unichrome ‘Quick 
Dry' Stop-Off Lacquer 323 (a fast drying vinyl lacquer 
produced by M&T Chemicals Inc. for use in the electroplating 
industry). After the lacquer had dried (one-half hour), the 
cell was sealed shut, and the solution pumped in. 

In order to simulate loading on the hip, fatigue 
testing involved the use of a sinusoidal load waveform at a 
frequency of 1 Hz. As the tests were aimed at examining the 


corrosion fatigue propagation rates and fracture 
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Plate 5.9 Fatigue Specimens showing the Typical Location of 


the Notch 


Plate 5.10 Notch Geometry (50X) 


- 
>] [saiqvT ods Baiwede enemicege supiis4 2.6 « 
re A Sa io ¢ @ 


dssov ert: 


ie°) 


morphologies, and not the total fatigue lives, loads were 
increased well above the endurance limit at 10’ cycles. 
Selection of the loads was based on the test stress and on 
the area of the ligament remaining after notching. Minimum 
and maximum stresses were set at 48.3 and 448.2 MPa (7.0 and 
65kOnksi)dm £OrMaGtoad. rationof sapproximatelye0<007- 

The number of cycles to failure was recorded by a 
counter panel on the 810 system. 

After the samples had failed, the total number of load 
cycles was recorded and the fracture surfaces were examined 
by means of a stereo optical microscope and a scanning 


electron microscope. 


5.4 Conventions 

Throughout this thesis all electrical potential 
differences will be referenced to the Saturated Calomel 
Electrode (SCE), which is related to the Standard Hydrogen 
Electrode (SHE) by the following relation: 

E(SCE) = 0.244 V(SHE) - 0.00065 V/°C 

Whenever a potential is calculated by the Nernst 
Equation the free energy value used will be the reported 
value at 25°C, but the temperature will be the test value, 
BaF CosThus: 

2:3803 RE/E =10506158V 

It iS considered that the error resulting from this 


procedure will be insignificant from a practical viewpoint. 
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6. RESULTS AND DISCUSSION 


6.1 Technique Development 

The results of the procedure standardization tests are 
given in Figure 6.1. Figure 6.2 gives the reference plot 
taken from ASTM G5-78. Comparison between these curves 
indicates that the procedure can be used to obtain 


Satisfactory and reproducible results. 


6.2 316L Stainless Steel and Cast Vitallium in Serum-Free 
and Glucose-free Solution 
In orda@r to obtain a perspectiveron thei corrosion 
behavior of the cast Vitallium, several tests were also made 
on 316L stainless steel in glucose and serum-free simulated 
physiological solution. The results of these potentiostatic 


polarization tests are presented and discussed below. 


6.2.1 Stainless Steel 

Three tests were performed on the 316L stainless steel 
to determine itS corrosion behavior in a simulated 
physiological solution. Parameters of particular interest 
were the corrosion and passive current densities, and the 
corrosion, breakdown, and repassivation potentials. In each 
case the start potentials were within 25 mV of -0.50 V 
(SCE), and the potential was increased by 50 mV every five 


minutes. 
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The forward anodic scans of all three tests (Figure 
6.3) had essentially the same features; the reversible 
potentials all lay within a narrow range, the corrosion 
currents were all similar, as were the positions of the 
cathodic and anodic curves. The average values of the 


polarization parameters are given in Table 6.1. 


Table 6.1 
Polarization Parameters for 316L in Saline 
Solution 
Current Potential 
(A/cm? ) (Vv) 

Carrosion to Gex 1077 -0.26 
Passive eo x 10>" ---- 
Breakdown cates Oaks 
RepasSivation r ivectes 7 Opal 


In the case of scan 1, film breakdown had not occurred 
at the potential of reversal and the surface passivated to a 
greater degree than on the forward scan. In the cases of the 
other two scans breakdown occurred within the range of 0.1 
to 0.2 V, whereupon the current increased toward an apparent 
transpassive region. Following reversal, the currents 
remained high forming a hysteresis; repassivation was 
achieved between -0.13 and -0.15 V. 

After the latter two of these tests the area beneath 
the PTFE gasket was corroded. This localized attack was 


interpreted to be responsible for the hysteresis effect. 
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Figure 6.3 Polarization Curves for 316L in Glucose-Free and 


Serum-Free Simulated Physiological Solution 
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In order to determine whether or not a higher breakdown 
potential, due to pitting, existed in the absence of a 
crevice a further test was performed with the sample only 
partially submerged; the gasket-sample interface remained 
above the solution surface. Table 6.2 summarizes the 


parameters for this test. 


Table 6.2 
Corrosion Parameters for 316L without a 

Crevice 

Current Potential 

(A/cm? ) (v) 
Corrosion ieoux. 10e -0.28 
Passive Guth 50 31.02? ---- 
Breakdown Stele 0.60 


Figure 6.4 shows that the position of the cathodic 
curve, the reversible potential, and the passive region for 
this crevice-free situation to be similar to those of the 
previous results. However, a higher breakdown potential now 
exists at 0.5 to 0.6 V, 300 to 400 mV above the previous 
breakdown position. 

According to the polarization curve and the 
current-time trace (not included), at potentials of 
approximately 0.1 V, current peaks were experienced, but 
when 0.2 V was reached the current trace was steady once 
again. As breakdown previously occurred in this range, the 
disturbance 1S considered to have been due to an unstable 


crevice-like situation, perhaps at the meniscus. 
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Figure 6.4 Polarization Curve for 316L in Semi-Submerged 
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Although the reverse scan was not extended back to the 
repasSivation potential, enough has been completed to 


indicate the presence of the hysteresis. 


6.2.2 Cast Vitallium 

In order to evaluate the corrosion behavior of the 
Vitallium and to compare it with that of the stainless 
steel, several tests were conducted in identical serum-free 
and glucose-free solutions as the previous tests. As before 
the potential was increased in 50 mV steps every five 
minutes from the starting potentials of -0.40 and -0.60 V. 
No precautions were taken to avoid the formation of a 
crevice between the PTFE gasket and the sample. 

Samples exhibited self-passivation in every case. The 


corrosion parameters corresponding to Figure 6.5 are listed 


below. 
Table 6.3 
Polarization Parameters for Vitallium in 
Glucose-Free Saline Solution 
Current Potential 
(A/cm? ) (Vv) 
EGrrosion Se ees, -0.38 
Passive A Caco Ors ---- 
Breakdown eins Ose 
Repassivation aa O35 


The material displayed a very small hysteresis which 


increased slightly as the reverse potential was taken to 
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POTENTIAL VS SCE (VOLTS) 


LOG CURRENT DENSITY (AMP/CM*) 


Figure 6.5 Polarization Curves for Vitallium in Glucose-Free 


and Serum-Free Solution 
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more poSitive values, in agreement with the results of 
Wilde''. No crevice attack or pitting was observed on the 
Sample at the end of any test. 

It is also interesting to compare the current-time 
traces for the stainless steel and the Vitallium, Figure 
6.6. In contrast to the instability shown by the stainless 
Steel prior to breakdown the cobalt alloy exhibited a stable 
low current until the sharp rise occurred at the breakdown 
potential. This stability would suggest that in the short 
time it took to perform this test (less than six hours) 


passive film breakdown and repair did not occur. 


6.2.3 316L vs. Vitallium 

Although both materials exhibit self-passivation, and 
the corrosion and passive currents were approximately the 
Same, the relative sizes and positions of the hystereses 
give a more significant measure of the relative long term 
corrosion behaviors. Based on the values of the 
repasSivation potentials with respect to the breakdown 
potentials, it is, therefore, concluded that the cobalt 
alloy should be more resistant to localized attack than the 
Stainless steel. Quantitatively, this resistance can be 
expressed in terms of the ratio of the differences between 
the breakdown and the repassivation potentials and between 
the breakdown and the reversible potentials. These results 
indicate that the likelihood of localized attack initiating 


- spontaneously on Vitallium is much less than on 316L. These 
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316L Stainless Steel 


Vitallium 


Figure 6.6 Current-Time Traces for 316L and Vitallium 
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findings are in agreement with those of others including 
Hoar and Mears‘*®*. 


The relevant parameters of both materials are given 


below. 
Table 6.4 
Anodic Polarization Parameters 
316L Cast 

Parameter Stainless Steel Vitallium 

Poorer -0.26 V Avie eyeh WW 

Eb Onion V. Oe 38> Vv 
(Ex - Ecorr)/ (By - Exp) 1.4 13.8 


The implication of these results is that, froma 
corrosion point of view, Vitallium is more suitable as an 
implant material owing to its higher resistance to localized 
attack, and to its broad passive potential range. Although 
the stainless steel shows some resistance to localized 
attack in the absence of crevices, this situation cannot be 
guaranteed, and even if it could, the current instability, 
noted in the crevice breakdown potential range, may indicate 


that the resistance would only have short term value. 
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6.3 The Effects of Organics on the Corrosion of Cast 
Vitallium 

The next series of experiments was conducted to 
evaluate the effects of combinations of glucose and serum on 
the corrosion behavior of the cobalt alloy. These tests 
consisted of two sets: the first was designed to determine 
whether or not the organics had any major effects on the 
polarization curves. Tests were made using serum at 
GCnCentrartonsvOrsO7,  0.01n,80.Ie, 5c, and 15% and at .a 
stepping rate of 50 mV every five minutes in the manner 
described in the previous chapter. During all of these tests 
solution samples were drawn at intervals for pH 
determination. 

One test was also performed to monitor the change in 
corrosion potential with time. A Vitallium sample was 
immersed in oxygenated saline solution containing glucose 
but no serum, and the potential was recorded approximately 
every five minutes over twenty-four hours using the 
Hewlett-Packard 9825A desktop computer. 

When it was found that the organics only affected the 
position of the cathodic curve and the value of-the 
corrosion potential, the second set of tests was conducted 
to examine these changes in more detail. Cathodic 
potentiostatic polarization tests were made with the 


following glucose-serum combinations: 
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No Glucose / Serum NG/S 


In contrast to the first set of tests the potential 
stepping rate was decreased, in most cases, from 50 mV to 


10 mV every five minutes. 


In the following section, the results of each set of 
tests will be presented and discussed. At the end, the 
overall effects of the organics on the potentiostatic 


polarization behavior of the alloy will be discussed. 


6.3.1 Preliminary Tests on the Effects of Organics 


6.3.1.1 The Effects of Glucose in the Absence of Serum 
The results of the preliminary polarization tests in 
solutions containing glucose but no serum are given in 


Figure 6.7 and Table 6.5. 
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Table 6.5 
Corrosion Parameters in Solution Containing 
Glucose but no Serum 


Current Potential 

(A/cm? ) (V) 
Corrosion Dep e Oe ae. 35 
Passive ax: 10a SSS 
Breakdown a One 0 
Repassivation i aa BeAecuS) 


Comparing the results for a solution without glucose 
(FH¥qure.6.5) and a solution with glucose (Figure 6.7) it is 
evident that they both have essentially the same 
characteristics: the values of the corrosion and breakdown 
potentials, as well as the corrosion and passive currents 
are not significantly different, and the hystereses are 
identical. These similarities indicate that, in the absence 
of serum, glucose does not hinder the formation or short 
term stability of the passive surface film. 

The Effects of Serum in the Presence of Glucose 

Figure 6.7 gives the results of the preliminary tests 
uSing glucose and serum. Table 6.6 summarizes the corrosion 


parameters. 
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Figure 6.7 Preliminary Polarization Curves for Vitallium in 


Solution Containing Glucose but no Serum 
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POTENTIAL VS SCE (VOLTS) 


! 
LOG CURRENT DENSITY (AMP/CM*) 


Figure 6.8 Preliminary Polarization Curves for Vitallium in 


Solution Containing Glucose and Serum 


be 


Table 6.6 
Preliminary Polarization Curves for 
Vitallium in Solution Containing Glucose and 


Serum 
Current Potential 
(A/cm?) (A) 
Corrosion 3x 1052 Varies 
Passive A eX mre: ae 
Breakdown calae O38 
Repassivation so O35 


Considering the scans given in Figures 6.7 and 6.8, 
(G/NS and G/S), it is evident that they all have the same 
form of anodic polarization curves. The only differences 
between the scans are in the value of the corrosion 
potential and, possibly, the position of the cathodic curve. 
Although only one test was performed at each serum 
concentration, it appears that as the serum content is 
increased the corrosion potential is shifted to more 
negative values. However, while the change in corrosion 
potential was on the order of 100 mV, the almost vertical 
Slope of the passive region resulted in a negligible 


Gecrease in the corrosion current. 


623. ba2 "Solution . pH 
During these preliminary tests samples of solution were 
intermittently drawn for pH determination. The results, 


given below, show no significant differences or trends, 
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neither from one test to another, nor among the serum-free 


and serum-containing tests. The overall average pH was 


eee O ae. 
Table 6.7 
pH Readings 
Serum Potential pH Serum Potential pH 
Content (Vv) Content (Vv) 

0% -0.40 the: 0.01% =0%60 7.8 
0.05 Teds 0720 ey 

O45 7.6 
0.80 ts Oanes +0760 7 30 
OES) IPE 0215 8 
0215 fee 6 0365 he 
-0.40 ieege OFS Death 
-0.45 Wowk 
0% O68) Jigat =0'S25 Dee 

0.40 T26 
0.40 Tn 5% —Oo0 Ped 
mal 3 di dings O10 Te 
=0.60 Tee 0255 Tene 
0.00 7.6 

0% =0:..60 7.6 
=0220 7.6 15% Og 35 7 
0.50 Met: O20 eek 
=0,.60 76 0 365 The! 


Long Term Corrosion Potential 

The variation of corrosion potential with time is shown 
in Figure 6.9. AS indicated, the potential increased over 
the first eighteen hours from approximately -0.41 V, toa 
maximum value of -0.15 V, then, after eighteen hours fell to 
approximately -0.25 V. Both these peak and minimum values 
are consistent with the potentials measured by Brettle and 


Hughes‘* within the first ten days of their potential-time 


tests. Furthermore, as no localized attack was noted at the 
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end of the test, it would seem that these results 
corroborate the speculation by Hoar and Mears*® that 
Spontaneous film breakdown is unlikely for this material 


under these conditions, at least in the short term. 


The results of the foregoing tests have indicated that 
neither the glucose, in the absence of serum, nor the serum, 
in the presence of glucose, affect the anodic polarization 
behavior. It is also apparent that the serum, in the 
presence of glucose, may decrease the corrosion potential. 
thus making it a possible cathodic corrosion inhibitor. 

The following series of tests will concentrate on the 
effects of glucose and serum on the cathodic polarization 


behavior of the alloy. 


6.3.2 The Effects of Glucose and Serum on the Cathodic 


Polarization Behavior of Vitallium 


6.3.2.1 No Glucose and No Serum - NG/NS 

The first set of experiments in this series was 
conducted with no glucose and no serum and gave the results 
shown in Figure 6.10. As shown the curves have three 
relative positions, which only in part, reflect variations 
in procedure. The curves at the left and centre were 
obtained by the procedure described in the earlier chapter, 
the only major difference being that the central curve 
equilibrated for two and one-half hours before starting, 


whereas those at the left equilibrated for only one hour. 
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This difference is considered to explain the higher 
corrosion potential in the case of the central curve. 

The procedure leading to the curve at the right varied 
Significantly from the others. Rather than equilibrating at 
the rest potential, the sample was cathodically charged at 
-1 V for at least one hour prior to commencing the scan. The 
higher currents at all potentials, therefore, are a result 
of the reduced activation energy for the cathodic reaction 
on a surface whose anodic film has been either partially or 
completely removed by cathodic charging. Why the corrosion 
potential of the clean electrode (the curve at the right) 
should be higher than the filmed electrode (curves at the 
left) is not known for certain, but may be a result of 
either a longer equilibration time, or the longer time 
required to reach a given potential as a result of the lower 
Start potential. 

If the film reduction mechanism is also active, at 
least. inteugmutcrentby, *inisthe geegion -0.65 to -0.70 V; 1t 
might also explain the higher currents in the case of the 
central curve. 

In addition to the effects of variations in procedure 
these curves exhibit several other interesting features: the 
central curve exhibits a 'hook' or positive slope near the 
Starting end of the curve, and the curve at the right 
appears to be formed by the addition of two cathodic curves. 
The latter of these observations is discussed now, while the 


former is dealt with later. 
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Cathodic Reactions 

The curve at the right, in Figure 6.10, consists of two 
distinct regions, which are interpreted to indicate the 
presence of two separate cathodic reactions. The first, 
which dominates from the corrosion potential to the limiting 
Current at approximately -0.7 V, is likely due to the oxygen 
reduction reaction which can be written as: 

O2 * 2H,0 1+ 46° “> 40H | 


and which has, under these conditions, a redox potential 


given by: 
Bop tO. 860 — 0.062 0pm 110,015. hogn 0. 
mre OOSHE Je. Or, 
By =40,53 V (SCE) 


At potentials below -0.70 V the curve deviates from the 
limiting current toward higher current values. As the test 
solutions were neutral, the predominant reaction is expected 
to be the reduction of water according to the following: 

2H3OF tae 7 He + 20H” 
which has a redox potential of: 
By ©=s-0., 062) pH 
=e ioe SHE) Or 


Bo =s-0 57 1 ViUSCE) 


As this potential is within the vicinity of the point of 
deviation of the second slope, and because the overpotential 
of hydrogen evolution is small, this water reduction 


reaction is most likely responsible for the curve form below 
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6.3.2.2 Glucose With and Without Serum - G/S and G/NS 
Figures 6.11 to 6.15 give the results of the 
potentiostatic cathodic polarization tests using no serum, 
and serum at various concentrations in solutions containing 
glucose. Several features are immediately apparent: the 
curves for 0%, 0.01%, and 0.1% serum are relatively closely 
grouped, while those for 5% and 15% have wider variations, 
and the curves obtained at 0.01% serum consist of two 
groups, those with and without positive slopes on the 
cathodic curves. These results will now be considered in 


more detail. 
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Figure 6G.ll CathodvetRolarpization of Vitallium in 


Solution 
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POTENTIAL VS SCE (VOLTS) 
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LOG CURRENT DENSITY (AMP/CM*) 


Figure 6.12 Polarization Behavior of Vitallium in Solution 


Containing 0.01% Serum 
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Figure 6.13 Polarization Behavior of Vitallium in 


Containing 0.1% Serum 


Solution 
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POTENTIAL VS SCE (VOLTS) 


LOG CURRENT DENSITY (AMP/CM*) 


Figure 6.14 Cathodic Polarization Behavior of Vitallium in 


Solution Containing 5% Serum 
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POTENTIAL VS SCE (VOLTS) 


2 = zp ? " 
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LOG CURRENT DENSITY (AMP/CM?) 


Figure 6.15 Polarization Behavior of Vitallium in Solution 


Containing 15% Serum 
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Effect of Serum on the Corrosion Potential 

AS was suggested in the preliminary results, the 
corrosion potential was found to fall with increasing serum 
contents, Figure 6.16 (the left-most error bar refers to 
zero serum conditions). As can be seen, the corrosion 
potential falls perceptibly after 0.01% serum, and may be 
Continuing to stall, abbeit atta; lower rate; \aiter 15%. 
Although the mechanism behind the potential change is 
unknown, it would appear that these results could be grouped 
with those of Solar et al.°*?, who found that! certain 
organics shifted the corrosion potential of Ti-6A1-4V in the 
negative (active) direction. Furthermore, these results 
corroborate the findings of Brown and Merritt*’® who found 
that the corrosion potential of 316L, a material also 
protected by a chromium oxide film, was shifted in the same 
direction by a physiological solution. 

The difference in the corrosion potentials between the 
serum-free and 15% serum situations also resembles the 
difference reported by Hoar and Mears‘*® between in vitro 
tests in saline and in vivo tests using human subjects. 
Although the actual potential values depend on the 
procedures used in each case, the similarity in the 
differences suggest that the conditions used in these tests 
Simulate the in vivo conditions more accurately than 
inorganic saline solutions. 

In terms of the mechanism involved in shifting the 


corrosion potential, the results are interpreted to indicate 
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that the serum hinders the diffusion of oxygen to the metal 
surface. 

Effect of Serum on the Corrosion Current 

Because the corrosion potentials were remote from the 
reversible potentials for the anodic and cathodic reactions, 
no Tafel lines existed in the vicinity, and, therefore, 
another method was used to eStimate the corrosion currents. 
The preliminary tests showed that the slope of the passive 
curve wasS reproducible and independent of the serum content. 
In tests, therefore, where the scans had been taken into the 
aned@ic range (0.01%, 0.1%, and, 15% serum), the best fit line 
describing the passive ranges of the preliminary data was 
applied to the anodic current values, and the intersection 
of these lines with the corrosion potentials were taken to 
be the corrosion currents. Where the scans had been 
terminated at the corrosion potentials, the corrosion 
Currents were estimated on the basis of the positions of the 
cathodic curves with respect to the former data. In all 
cases the estimates of the corrosion currents were 
essentially equal at 1 x 10°’ A/cm?*. 

Positive Cathodic Slopes 

During some of the previous tests and these latter 
tests, regions of positive slope were encountered on the 
cathodic curves. These include one curve obtained with 
glucose and serum-free solution, one with serum-free 
solution, one partially completed curve at 0.001% serum, 


Figure 6.17, four with 0.01% serum, and one at 5% serum 
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Figure 6.17 Incomplete Cathodic Polarization Curve for 


Vitallium obtained with 0.001% Serum 
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where the curve seemed to alternate between two courses. No 
Such positive slopes were observed at 15% serum. 

Common to all these curves is the location of the 
region of positive slope, beginning near the start 
potential, -0.65 or -0.70 V, and increasing to maximum 
current values between -0.63 and -0.67 V. The maximum 
increase in current is only 22%. 

Regarding corrosion potentials, values were either 
higher or the same as in the curves without positive slopes. 
In the case of the 0.01% serum results, those curves with 
positive slopes had an average corrosion potential 40 mV 
higher than the other curves in the same group, and at 5% 
serum the difference was over 100 mV. In addition, the curve 
obtained with glucose and serum-free solution was up to 
125 mV higher. Perhaps the two most significant obServations 
are that serum and glucose are not necessary for a positive 
Slope to occur, and no positive slope was encountered at 15% 
serum. 

In general several situations can result in positive 
cathodic slopes: a cathodic curve which closely approaches 
an anodic critical current peak, a simultaneous oxidation 
reaction which exhausts its reactant supply, or a second 
cathodic reaction whose rate increases with time. 

The first of these possibilities is not responsible as 
it has been reported by Lucas et al.** that Vitallium 


exhibits self-passivation in deoxygenated conditions. 
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Similarly, the simultaneous anodic reaction mechanism 
is considered unlikely as no such reaction is known to be 
active under glucose-free and serum-free conditions. 

The third situation, however, may be closer to the 
actual mechanism. Since it is thermodynamically impossible 
for the kinetics of a reaction to increase as the driving 
force is reduced, the only explanation for such an 
observatiion is that time %s the controlling factor. It is 
possible, therefore, that the increasing current is a result 
of a partial reduction of the anodic film (a mechanism 
discussed in the glucose-free and serum-free results, above) 
whose rate increases with time until the overpotential 
becomes too low, at approximately -0.65 V, for the reaction 
to proceed. In addition, the decrease in the frequency of 
positive slopes as the serum content is increased may 
indicate that the serum has a stabilizing effect on the 


fi im, 


6.3.2.3 Glucose-Free Solution Containing Serum - NG/S 

Two tests were conducted to determine the polarization 
behavior of the alloy in glucose-free solutions containing 
15% serum. 

As Figure 6.18 shows, the two curves were not entirely 
consistent either with one another or with the previous 
results. One curve reached itsS corrosion potential at 
-0.63 V, while the other reached it at -0.69 V, but without 
the asymtotic decrease in current normally observed as the 


corrosion potential is approached. The form and corrosion 
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Figure 6.18 Polarization Curves for Vitallium in 


Glucose-Free Solution Containing Serum 
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potential of the latter of the above mentioned curves would 
suggest that it was obtained under deaerated test 
conditions; however this is not considered to have been the 
case. The following discussion will include a possible 


explanation for these findings. 


6.3.3 The Effects of Organic Additions on the Polarization 
Behavior of Vitallium 

As the results show, the most significant effect that 
the glucose and serum have on the corrosion behavior of 
Vitallium is to alter the value of the corrosion potential. 
For this reason the following table summarizes the results 
of the four glucose/serum combinations in terms of the 
corrosion potentials: 

Table 6.8 


Corrosion Potentials at the Four 
Glucose-Serum Combinations 


No Glucose Glucose 
No Serum = (eo 2 Us 


Serum 1 Dieitess: =O 46 


According to this summary glucose has little, if any, 
Significant effect on the corrosion potential when serum is 
absent. However, when serum is present, the corrosion 
potential is pushed to more negative values, until when 
glucose is absent the corrosion potentials approach the 


redox potential for hydrogen reduction. The mechanisms 
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responsible for these potential shifts almost certainly 
involve the relative adsorption of the glucose and other 
serum components, and appear to be dependent on the relative 
concentrations of the various components. 

It 18 believed that, while the glucose competes with 
the serum for adsorption, its 'adsorbability' is weaker than 
that of the serum. The fact that the corrosion potential is 
higher when glucose is present with serum indicates that the 
glucose iS competing for adsorption, but does not hinder the 
diffusion of oxygen to the cathodic sites. However, when 
only serum is added the lower glucose content (0.15 g 
maximum) is not sufficient to produce a significant effect 
and, as a result, other serum components adsorb and hinder, 


if not completely block theidiiiusion of oxygen. 
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6.4 Corrosion Fatigue 
The results of the corrosion fatigue tests in 
serum-free and 5% serum are summarized in Table 6.9. 


Table 6.9 
Corrosion Fatigue Lives 


Test 0% Serum 5% Serum 
Cycles Cycles 
1 44000 20092 
2 29613 17410 
3 36660 26399 
4 30 B10 177000f 
5 30852 
6 26621 
7 61845 


t - Rejected on a statistical basis; refer 
to Appendix C. 

According to ASTM committee E-9 fatigue life data can 
be considered to be log-normally distributed; that is, the 
data, itself, 1S significantly skewed, while the natural 
logarithm of the data is normally distributed. The above 
data was analysed on the basis of this assumption (Appendix 
ee 

Table 6.10 summarizes the means and standard deviations 
of the two data sets in terms of the the log-normal 
distribution, as well as the 80% confidence limits and other 
statistical parameters for the two data sets in terms of the 


arithmetic values. 
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Results of Statistical Analyses of Corrosion 


Fatigue Life Data 


0% Serum 
Mean TOetocn7 
(log-normal) 
Standard 
Deviation 0.286 


(log-normal) 


At 80% Confidence Interval 


Lower Limit Oe oG. 
(31603 cycles) 


Upper Limit TO as 
(43160 cycles) 
Arithmetic Statistical Values 
Mean 38432 cycles 
Median 36897 cycles 


Mode 34009 cycles 


o% 


5% Serum 
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According to the statistical analysis, there is a high 
probability that the two data sets are from different 
populations (based on an 80% confidence interval). The 
fatigue life of Vitallium, therefore, is likely to be less 
when tested in a 5% serum solution, as opposed to when 
tested in serum-free solution. 

While the standard deviations for the two data sets are 
very Similar, which may reflect similar basic fracture 
mechanisms, no solid fatigue life data indicates a possible 


cause for the detrimental effect of the serum. 


6.4.1 Fractographic Results 

Several of the fatigued samples were examined in the 
Scanning electron microscope to determine if the fracture 
morphologies changed with the introduction of serum. 
Photomicrograph composites of the fracture surfaces of one 
Specimen from each group are enclosed in an envelope at the 
back. As these composites illustrate, the fracture surfaces 
typically consist of two regions: a flat transgranular 
region adjacent to the notch, interpreted to be the extent 
of corrosion fatigue crack propagation, and a second mixed 
trans- and intergranular, likely final, fracture over the 
remaining ligaments. Both these regions were examined at 


higher magnifications and are dealt with as follows. 


6.4.1.1 Flat Fracture 
As the composites illustrate the flat fracture regions 


typically consisted of cleavage steps, and porosity and/or 
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incoherent inclusions. Plate 6.1 from the serum-free group 
shows the surface adjacent the notch to be generally flat 
with cleavage steps beginning at the notch. This micrograph 
shows both porosity, labelled 'P', and holes from where 
inclusions had been pulled out, labelled 'I'. 

Plate 6.2 illustrates the change in pattern of the 
cleavage steps which resulted when the crack propagated 
across a grain boundary. 

Much of the flat fractures consisted of the type of 
cleavage steps shown in Plate 6.3. In all cases, either 
Subsidiary cleavage cracks or dissolved slip planes’‘ 
intersected the surface, while inclusions pock-marked the 
surface. A qualitative X-ray analysis of one such 


precipitate revealed it to be high in niobium, 


Plate 6.1 Fracture Surface Adjacent to the Notch on a 


Specimen Tested in Serum-Free Solution (1000X) 
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Two Adjacent Grains (1200X) 


ah) 


Plate 6.2 Cleavage 


Plate 6.3 Typical Cleavage Fracture near the Final Fracture 


Zone (900X) 
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6.4.1.2 Mixed-Mode Fracture 

This second fracture zone was typically brittle, 
Showing very little plastic deformation. The fact that the 
path of least resistance included interdendritic and grain 
boundary porosity indicates that the fracture involved the 
expenditure of less energy. This would suggest, therefore, 
that the material would have a greater fatigue life if such 


defects were not present. 


6.4.2 The Effects of Organics on the Corrosion Fatigue 
Behavior of Vitallium 

At a confidence interval of 80% the corrosion fatigue 
life of the Vitallium is significantly less in saline 
solution containing serum, than in serum-free saline. 
However, the fracture modes encountered in both sets of 
tests were identical. While the results indicate no cause 
for the reduction in fatigue life with the introduction of 
serum, the mechanism of propagation does not change. 
Therefore, the serum must alter, by degree only, some rate 
controlling step or property within the material. 

According to Tyson and Alfred’*, "Propagation of a 
truly brittle cleavage crack through a crystal is possible 
only if the stress requiredto rupture atomic bonds at the 
crack tip is reached before the shear strength of the 
lattice is exceeded." Therefore, if adsorption of some serum 
component reduces the cohesion between strained crystal 


planes at the tip, the fatigue life would be reduced. 
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Another possibility is that the serum affects the 
Gissolitaon rateseatmthettip. iy asdWoodsonfet! al .rtysuggest 
(that organics can lead to an autocatalytic corrosion 
mechanism), an increased dissolution rate may be responsible 


Eor-the reduction: ing lire. 
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7. CONCLUSIONS 
The effects of serum and glucose additions on the corrosion 
and corrosion fatigue behavior of a cast CoCrMo alloy have 


been investigated with the following conclusions: 


7.1 Potentiostatic Polarization Tests 

Ls Both the 316L stainless steel and the cobalt alloy, 
machined from the prostheses, exhibited 
self-passivation with similar values of corrosion and 
passive currents in the oxygenated, neutral saline 
solution. 

oe 316L stainless steel is highly susceptible to 
spontaneous passive film breakdown and crevice 
corrosion in these chloride solutions. 

Se The cobalt alloy tested here is highly resistant to 
passive film breakdown. 

4, Glucose and other serum components compete for 
adsorption on the cobalt alloy in simulated 
physiological solutions. 

oe Neither glucose nor serum have any effect on the anodic 


polarization behavior of the Vitallium. 
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While glucose does not appear to alter the corrosion 
potential, serum tends to shift it in the negative 
(active) direction. It is possible that this shift is a 
result of lower oxygen reduction rates caused by low 
diffusion rates through an adsorbed serum film. By this 
argument, it would appear that the glucose does not 


hinder oxygen diffusion. 


7.2 Corrosion Fatigue Tests 


Ve 


Fatigue cracks in the cobalt alloy, from which the 
fatigue samples were cast, propagate by a cleavage 
mechanism. 

According to the fatigue life data and a confidence 
interval of 80%, the corrosion fatigue life of cast 
Vitallium is less when tested in 5% serum than when 
tested in serum-free solution. However, the means by 
which this reduction occurs, without changing the basic 
fracture mechanism, is not known. 

Casting porosity is believed to have been, at least, 
partially responsible for reducing the fatigue lives of 


all samples. 
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8. RECOMMENDATIONS 
Tests have been conducted to evaluate the effects of serum 
and glucose on the corrosion of a cast CoCrMo alloy in 
solutions approximating the physiological conditions of 
healthy tissue. Results have indicated that while glucose 
and serum compete for adsorption on the metal surface, only 
the serum has any significant effect on the corrosion 
process. It has, furthermore, been demonstrated that the 
addition of serum to inorganic simulated physiological 
solution results in test conditions which approximate more 
accurately the in vivo conditions than do many of the 
traditional inorganic test media. 

Several important questions concerning the effects of 
organics on the corrosion and corrosion fatigue, however, 
have not been addressed. The following questions are 
suggested as topics of further research: 

- Are any physiological organics involved in 
electrochemical reactions? 

- What specific organics are responsible for the 
effects noted above, and is the adsorption 
potential-dependent? 

- What is the effect of physiological organics in 
healing tissue where the conditions are 
Significantly different from those used in this 
study? 

- What is the effect of the organics in crevice 


situations? 
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Potentiostatic polarization is an accelerated corrosion 
testing technique the results of which only indirectly 
forecast the long term behavior of a system. It is 
suggested, therefore, that long term tests be conducted to 
examine the effects of physiological organics. In addition 
to studying the variation of the corrosion potential and 
current with time, the following questions might also be 
addressed: 

- What is the nature of the adsorbed and anodic 
films, and how do they change with time? 

- Are specific constituents of the alloy selectively 
leached and, if so, what is the role of the 
organics? 

Regarding the corrosion fatigue aspect, this research 
indicated there to be a high possibility that serum reduces 
the corrosion fatigue life of Vitallium. However, the means 
by which the reduction is produced is not known. It is, 
therefore, suggested that more extensive studies be 
conducted to investigate the effects of serum on the 
initiation and propagation phases, with the aim of 
determining the mechanism by which the serum shifts the 


corrosion potential and reduces the corrosion fatigue lives. 
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The following solutions have been used as simulated 


physiological saline solutions: 


Table A.1 
Compositions of Various Inorganic Test 

Solutions 
Substance Hanke ° Ringer's” * 

(g/l) (g/1) 
NaCl 8.0 63 
CaCl, 0.14 Sas 
KCl 0.40 Ore Sud 
KH2PO, 0.06 Se ete 
NaHCO; 0.35 2.4 
Na2zHPO, 0.05 D207 
NaH2PO, =a 0.06 
MgClz 04.05 0.10 
MgSO, OS 03 07-06 
Sodium == 32.10 


Lactate (Optional) 
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REPORT OF ANALYSIS 


Laboratory Sample Number: 1662-836 to 1664-836 


DESCRIPTION 


Three samples of metal submitted September 1, 1983 by the University 
of Alberta, Mineral Engineering, 89th Avenue and 114th Street, 
Edmonton, Alberta, Attention: Mr. Bob Sutherby with request for the 
following analyses. 


RE: PO# 18553NC 


ANALYSIS 
Laboratory Sample Number: 1662-8 3G 1663--8 3G 16 4-8 3G 
Reference Implant Fatigue Stainless 


Elements detected by 
Induction Coupled Plasma, 
wt% (SL~ARC) 


Cobalt (Co) 58.6 Sao On38 
Chromium (Cr) 27:51 24.0 18.0 
Copper (Cu) 0.05 0.05 0.21 
lron (Fe) 0.18 0.17 67.2 
Manganese (Mn) eS 2.2 Bey 
Molybdenum (Mo) 6.05 5.35 2.55 
Nickel (Ni) oe lo 0.16 14.0 
Phosphorus (P) 0.70 | 0.61 0.40 
Sulfur (S) 0.16 0.15 0715 
Silicon (Si) 0.82 0.99 1.46 
PA CO tember 20 SB rte PSEC NININ. or ate nace ea AR incon 


Gasoline é Oil Laboratory - 
Alberia Research Council 
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The purposes of these analyses were as follows: 


A. To determine the acceptability of the high data point 
in the 5% serum results, 

Bi To determine if the two data sets are from different 
populations; that is, to determine if the serum had any 
Statistical effect on the corrosion fatigue life, and 

Ge To determine the upper and lower limits of the data 
populations, and to determine the statistical 


parameters of the arithmetic data values. 


The statistical analyses were made based on the 

following two assumptions: 

ee That the corrosion fatigue life data is log-normally 
distributed, and 

A While the means of the data may be shifted, the 
variance of the 5% serum data is equal to that of the 
0% serum data. This assumption would be justified if 
the basic cracking mechanisms were the same in both 


cases. 
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Table C.1 
Fatigue Life Data in Natural Logarithm Form 


0% Serum 5% Serum 
OG 9.2 0.162 
hOBZ96 9.465 
$0509 108254 
tO. S32 12.084 
10.568 
1arhs9 
PAO Siz 


Pe -E(in x)=/X, and (VARCIn x))177 =.-6 
then ke = 10.517 and Ge. = 0.256 


and cAs = 10,566 ;and {5 = $5 


A. High Data Value in 5% Serum Results 
Based on the assumptions listed above, what is the 
upper limit for the 99.8% confidence interval based on a 
t-distribution with 3 degrees of freedom? 
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=anOes6ontet0e2.(0.286/(4'%*)) 
12.025 


Since 1n( 177000) = "32084 > 122025, then the ‘data point can 


be rejected at a confidence interval of 80%. 
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Based on the rejection of this data point, the 
Statistical parameters of the remaining data become as 
follows: 


APUS4 10 S060 ao 2000260 


Although assumption 2, above, indicates that the 
Standard deviation of the two sets shall be considered to be 
the same (A = 0.286), it is interesting to note how closely 
the actual standard deviation values compare. This 
Similarity may indicate that the cracking mechanisms active 


in both test sets are, in fact, fundamentally the same. 


B. Statistical Effect of the Serum 
To determine if the serum had any statistical effect, a 
t-test is performed to test the following hypothesis: 
It 1No GH0A 5, then Te t. 
With 2 degrees of freedom, and a confidence interval of 80%: 
.@aea =~ 0.80 
1=- 90a772) 
Oh 43 NANREY/ Cybiey) 
GlOe cies OOOO) Osteo Oy (oie) 


G290 Cyst. ee 71.886 
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Since T is, in fact, greater than t, the hypothesis is 


valid at the 80% confidence interval. 
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C. Statistical Parameters 
Based on the confidence intervals used in the above 
analyses, the total confidence interval is: 


COmG 07700... 9 98) = 106 Gora, 


0% Serum 


degrees of freedom = 6 


No P1045 17 
§o = 0.286 
t = 1.440 


lower limit = 10.361 (31603 cycles) 


upper limit = 0/673 (43460 cycles) 


5% Serum 


degrees of freedom = 2 


As = 10.060 
§s = 0.260 
t = 1.686 


upper Limite= 9./77 Clyo2Z2 cycles) 


lower limit = 10.343 (31042 cycles) 


Based on the equations given by Hald’*, the statistical 
parameters of the original data (assuming the log-normal 
distribution) are: 

0% Serum 
medran %o ==santi— ine XG) 


36897 cycles 


mode Xo = anti lnmtAgies 2. UC0Ge-) 


34009 cycles 
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Mesh Xo = anti-lnw eA, + be lone,” ) 
= 38432 cycles 
5% Serum 
Similarity: 


median xs = 23388 cycles 


mode xXs5 Z21SST, CyYCles 


mean xs = 24194 cycles 
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